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The combination of individual cell function and tissue organization makes the mammalian 
kidney an efficient osmoregulatory and excretory organ. It regulates body salt- and water 
balance (equilibrium of osmolarity and volume), acid-base balance, it eliminates the end 
products of metabolism, while conserving valuable blood plasma constituents (e.g. 
sugars). 
The kidney consists of approximately 1.2 million functional units called nephrons (see 
figure 1). Daily, about 200 liter of fluid (approximately 20% of the incoming renal plasma 
flow) is filtered in the glomerulus, forming the primary urine. Since urine output in human 
averages 1.5 liter per day, more than 99% of the ultrafiltrate must be reabsorbed along the 
nephron. Most of this reabsorption (-60%) takes place in the proximal tubular segment, 
which is specialized in transcellular reabsorption of cations, anions, essential nutrients 
and water. The basolateral (serosal or blood side) membrane of the proximal tubule 
contains proteins that pump out sodium ions in exchange for potassium ions. These 
Na+/K+-ATPases thus create a Na+ gradient and, due to their stoichiometry of 3Na+ vs 
2K+, a potential difference is established. The Na+ gradient is used to transport molecules 
(e.g. ions, sugars, amino acids) from the lumen (urine) into the cell. The luminal surface of 
the proximal tubule is strongly expanded by microvilli, constituting the brush border 
membrane that is so characteristic for the proximal tubular segment. The huge transport 
capacity of the proximal tubule is sustained by a large number of mitochondria, which are 
responsible for the generation of ATP by oxidative phosphorylation. 
Figi: 
Schematic view of nephrons and 
collecting duct. 1 Glomerulus; 2 
proximal convoluted tubule; 3 
proximal straight tubule; 4 
descending thin limb (loop of 
Henle); 5 ascending thin limb 
(loop of Henle); 6 distal straight 
tubule (thick ascending limb); 7 
macula densa; 8 distal convoluted 
tubule; 9 connecting tubule; 10 
cortical collecting duct; 11 outer 
medullary collecting duct; 12 
inner medullary collecting duct. 
12 
General Introduction 
The other parts of the nephron are also involved in the regulation of urine formation. The 
loop of Henle reabsorbs 20-30% of the filtered Na+ and K+ and 15-20% of the filtered water 
(ascending part). In the distal convoluted tubule and the collecting duct most of the 
remaining water and Na+ are removed, and K+ is either secreted or reabsorbed, depending 
on the need of the organism. The collecting duct only reabsorbs a minor percentage of 
water and Na+. 
The importance of the kidney for maintaining whole body homeostasis is illustrated by the 
high amount of blood granted to this organ. Although the kidneys constitute only 0.5% of 
total body weight, they receive 20 to 25% of the cardiac output. Most of this flow is 
directed towards the cortical region, where the glomeruli and proximal tubules are located. 
Reduction of the renal blood flow, or hypoperfusion, leads to ischemia, thus impairing 
oxidative phosphorylation, which almost immediately results in an impairment of renal 
function. 
Acute renal failure 
One percent of all patients admitted to a general medical or surgical ward, and up to 25% 
of all patients undergoing major surgery will develop acute renal failure or ARF (Brezis 
1993). ARF is defined as a rapid deterioration of renal function, with a decrease in 
glomerular filtration rate of at least 50% (Brezis 1993). It is most frequently (85-90%) 
caused by acute tubular necrosis (ATN), but may also result from diseases of the 
interstitium, the glomeruli or the blood vessels (Solez 1993). Prolonged renal ischemia 
appears to be a common antecedent factor in clinical ATN, often in combination with the 
use of nephrotoxic drugs. 
Morphologically, ATN is characterized by tubular injury, as reflected by the effacement of 
the brush border membrane with loss of microvilli. Injured cells are shed, leaving denuded 
areas in the tubules with eventual dissolvement of the basement membrane. Cellular 
debris gives rise to the formation of casts, which lodge in the distal segment (Solez 1993). 
Functionally, ATN leads to renal impairment by the combined action of tubular cell 
dysfunction, tubular obstruction, and enhanced backleak of the primary urine. 
For decades, studies have been performed to understand the physiological and cellular 
basis of renal ischemic injury, using different model systems. The in vivo models of 
clamping or hypoperfusion that best mimic the clinical situation (e.g. Glaumann 1975, 
Venkatachalam 1978, Gaudio 1983, Walker 1994) and the isolated perfused kidney (e.g. 
Brezis 1984, Shapiro 1985, Shanley 1986, Heyman 1992) have been replaced more and 
more by in vitro models. In vitro systems enable the study of specific cell types under 
controlled and standardized conditions, and may help to elucidate the cellular basis of 
ischemic renal injury. Since in vivo studies suggested highest vulnerability of the proximal 
tubulus to ischemia (Venkatachalam 1978), isolated proximal tubules have frequently 
been used to investigate the effects of renal ischemia. Typically, suspensions of isolated 
proximal tubules are incubated in flasks that are gassed with either oxygen (normoxia) or 
nitrogen (hypoxia). Such studies have provided interesting information on the 
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biochemical, cellular alterations that occur during oxygen deprivation in isolated renal 
cells. 
Cellular alterations during ischemia 
ATP-depletion 
As mentioned previously, the proximal tubular segment consists of very active, 
transporting epithelial cells, and, hence, requires much ATP. Proximal tubules have a low 
capacity for glycolysis (Tang 1989), and depend on oxidative phosphorylation for their 
energy supply. Indeed, in isolated rabbit proximal tubules intracellular ATP dropped to less 
than 5% of the control level after 60 min of hypoxic incubation (Weinberg 1989). Cellular 
processes that require ATP are then inhibited, which leads to e.g. impaired ion 
homeostasis (described below), decreased transcellular transport (loss of renal transport 
function) and inhibition of synthesis processes, which precludes the reparation of 
ischemia-induced defects. For example, deacylation of the plasma membrane by 
increased phospholipase activity can no longer be countered by the ATP-requiring 
process of reacylation, and hence contributes to cell injury. Furthermore, recovery 
processes after the ischemic insult are hampered by the lack of ATP-precursors: due to 
the decrease in ATP-synthesis, ADP and AMP accumulate, and adenosine will be formed 
by the 5'-nucleotidase-mediated conversion of AMP. In contrast to the high-energy 
nucleosides, adenosine readily diffuses out of the cell, which will hamper the regeneration 
of ATP after the insult (Weinberg 1991). 
Ion homeostasis 
SODIUM, POTASSIUM AND CHLORIDE 
Intracellular Na+ and CI- normally are kept low, whereas intracellular K+ is kept at a high 
level compared to the extracellular compartment. This ion balance is maintained by 
basolaterally situated Na+/K+-ATPases, that function in conjunction with ATP-sensitive K+ 
channels (Reeves 1994). Inhibition of the Na+/K+-ATPase by oxygen-deprivation leads to 
decreased intracellular K+ levels (Wetzels 1993, Mason 1981, Spencer 1991 ), increased 
intracellular Na+ and CI- (Mason 1981, Spencer 1991), and subsequent cell swelling 
(Weinberg 1991, Spencer 1991). 
CALCIUM 
The Ca2 + gradient across the plasma membrane is extremely steep: at 100 nM the 
intracellular Ca2+ concentration ([Ca2+]|) is approximately 10.000 times lower than 
extracellular [Ca2+]. The pathways by which Ca2+ enters and is extruded from the proximal 
tubular cells are still largely unknown. Besides the ubiquitous Ca2+-ATPases, that pump 
Ca2+ out of the cytosol to either the extracellular space or into the endoplasmic reticulum, 
no plasmalemmal proteins involved in Ca2+-extrusion have been unequivocally 
demonstrated (Friedman 1995). Calcium influx may occur through a voltage-dependent 
entry pathway, but evidence in favor for such entrance is mainly indirect (Almeida 1992, 
Wetzels 1993, Zhang 1996). 
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Theoretically, hypoxia is likely to induce an increase in cellular Ca 2 + , because the 
hypoxia-induced ATP-depletion will impair Ca 2 + extrusion. Furthermore, increases in C a 2 + 
influx have been suggested to occur during hypoxia (Almeida 1992). However, no 
consensus has been achieved as to whether an increase in [Ca2+]| actually occurs in 
hypoxic renal proximal cells (e.g. Kribben 1994, Jacobs 1991). 
Indeed, an increase in [Са2 +] ( could severely affect cellular functioning, e.g. by activating 
enzymes such as phospholipases and proteases. Only little information is available on the 
activity of proteases during hypoxia in epithelial cells (Bronk 1993, Ferguson 1993, 
Nichols 1994, Edelstein 1995). Since all cellular proteins are potential substrates for 
proteolytic enzymes, an increase in protease activity could result in the degradation of 
vital cell structures. More specifically, the calcium-dependent cysteine protease calpain 
has been suggested to be involved in hypoxic cell injury (Arai 1991, Lee 1991, lizuka 
1993, Edelstein 1996, Nichols 1994). Calpain substrates include cytoskeletal elements 
(Arai 1991, Lee 1991) and ion pumps (Salamino 1994), which are important proteins for 
cellular structure and functioning. More information is available on the role of 
phospholipases in hypoxic cell injury. Free fatty acids have been demonstrated to 
accumulate during hypoxic incubation of proximal tubules (e.g. Wetzels 1993, Portilla 
1992, Weinberg 1995), and protective effects of the phospholipase inhibitors mepacrine 
and dibucaine were observed (Bunnachak 1994). 
ACIDOSIS 
Inhibition of the oxidative phosphorylation by oxygen-depletion will lead to enhanced ATP-
hydrolysis and accompanying release of H + in the cytosol. The intracellular pH is an 
important determinant of cellular functioning, in view of the defined pH-range at which 
every enzyme functions optimally (including proteases, phospholipases and nucleases). 
Indeed, profound acidosis may be injurious, but an intracellular pH of 6.5 to 7.0 actually 
protects renal cells against ischemic injury (Weinberg 1985, Bonventre 1985, Rose 1995). 
Cytoskeleton 
The cellular cytoskeleton consists of actin microfilaments, microtubules and intermediate 
filaments, which form networks of proteins that are involved in many cellular processes 
such as cell division, endocytosis and polarization. These networks are no rigid 
structures, but are involved in a continuous, ATP-consuming process of formation and 
hydrolysis. Also, many of the proteins connected to the cytoskeleton have calcium 
binding sites, suggesting a regulatory function for intracellular calcium. Furthermore, as 
mentioned above, several cytoskeletal proteins are substrates for cellular proteases that 
are probably activated under pathophysiological conditions. In view of these 
characteristics, ischemia is likely to affect the cytoskeleton. Indeed, even short periods 
of ischemia have been reported to disrupt the actin network (Molitoris 1991, Kellerman 
1990), with subsequent dissociation of membrane proteins, loss of cell polarity and 
detachment of cells from the basement membrane (Molitoris 1991). Ischemia-induced loss 
of epithelial polarity has been shown to be responsible for reduced sodium and glucose 
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reabsorption (Molitoris 1991). Also, ankyrin and fodrin, which link the actin cytoskeleton to 
the plasma membrane, were reported to dissociate from the actin network (Molitoris 1996). 
The loss of plasma membrane-cytoskeleton interactions are presumably responsible for 
the characteristic morphological feature of blebbing (e.g. Herman 1990, Lemasters 1987). 
Cellular membranes 
Both the plasma membrane and the membranes of cell organelles are formed by 
phospholipid bilayers with variable composition. Hypoxia may disturb cellular membranes 
in several ways, impairing organelle functioning and, ultimately, cellular integrity. 
Direct attacks by reactive oxygen species and enhanced activity of phosphol¡pases may 
be responsible for the disruption of the plasma membrane. Although formation of reactive 
oxygen species is presumably limited during warm ischemia (e.g. Zager 1992), there is 
evidence that nitric oxide is formed during hypoxia (Yu 1994, Yaqoob 1996), and that 
inhibition of nitric oxide formation confers protection against hypoxic cell death (Yu 1994, 
Yaqoob 1996). As far as phospholipases are concerned, the combined effects of 
enhanced activity, reduced reacylation (due to ATP-depletion), and accumulation of free 
fatty acids are likely to disturb the lipid bilayer. 
As mentioned previously, indirect factors such as loss of the plasma membrane-
cytoskeleton interactions and disturbance of ion homeostasis (leading to cell swelling) 
may also contribute to plasma membrane disruption. Such a loss of plasma membrane 
integrity is often used as a parameter of irreversible injury (LDH-leakage, vital dyes), 
although alterations in membrane structure (e.g. blebbing) occur before the actual 
membrane disruption. 
Protection against renal ischemic injury 
Increased knowledge on ischemia-induced cellular alterations have led to studies 
focussing on the effects of drugs that interfere with or attenuate the observed cellular 
alterations. The addition of adenine nucleotides prevented anoxia-induced LDH-release, 
and improved functional recovery after reoxygenation (Mandel 19ΘΘ). Also, agents 
intervening later in the pathophysiological cascade were protective in isolated proximal 
tubules. In this respect, blockers or inhibitors of calcium channels (Almeida 1992, Wetzels 
1993), phospholipases (Bunnachak 1994), proteases (Edelstein 1996), NO-synthase (Yu 
1994, Yaqoob 1995), K+ channels (Reeves 1994) and Ch influx (Miller 1993) have been 
shown to provide protection in isolated proximal tubules. 
Surprisingly, less obvious agents have also been found to be protective against hypoxic 
injury. In particular, the amino acid glycine provided complete protection to isolated 
proximal tubules against e.g. ischemic and metabolic insults (Weinberg 19B9, Weinberg 
1990, Wetzels 1993). However, the mechanisms by which glycine protects remain elusive, 
but are apparently unrelated to [Ca2+]¡, intracellular ATP or K+ levels, phospholipase 
activity or fatty acid accumulation (Weinberg 1995, Kribben 1994, Wetzels 1993). There is 
evidence that glycine may bind to a receptor that shows some similarity to the strychnine-
16 
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sensitive glycine-receptor found in brain (Miller 1994), and thus may prevent opening of a 
chloride channel. In this respect, other agents that supposedly prevent chloride influx 
were protective against (chemical) hypoxia in proximal tubules (Miller 1993, Miller 1994, 
Wetzels unpublished results). 
Scope of this thesis 
In view of the contradicting results reported in the literature regarding the role of calcium in 
renal ischemia, we focussed on several aspects of calcium involvement in ischemic injury. 
Furthermore, we studied the protective effects of glycine in hypoxic injury, and tried to 
delineate the mechanism by which this amino acid provides such profound protection. 
Initially, we used isolated proximal tubules of rats, because they provide a well-
established model system to study the cellular mechanisms of renal ischemia (Wetzels 
1993). 
The role of an increased calcium influx has mainly been derived from studies in which the 
L-type calcium channel blocker verapamil (a phenylalkylamine) attenuated hypoxic injury 
in proximal tubules (Almeida 1992, Wetzels 1993, Kribben 1994). In CHAPTER 2 we describe 
the results of studies using the dihydropyridine calcium channel blocker felodipine. To 
evaluate whether protection is related to a blockade of calcium influx, experiments were 
performed with a non-calcium channel blocking derivative of felodipine and with the two 
felodipine enantiomeres. Also, the effects of felodipine in the absence of extracellular 
calcium were studied. 
To study intracellular calcium homeostasis in more detail, we used quantitative 
fluorescence microscopy in combination with the Ca2+-sensitive probe Fura-2. 
Measurements were performed in individual tubules to allow a better assessment of the 
heterogeneity of the experimental response, and to enable the study of possible causal 
relationships between assessable parameters. In a so-called "Leiden chamber" 
superfusion and gassing were controlled, and individual tubules were visualized using a 
video-based imaging system. The [Ca2+]¡ measurements were combined with 
assessments of the mitochondrial membrane potential (using Rhodamine 123) or cell 
viability (using Propidium Jodide), and are described in CHAPTER 3. The effect of glycine on 
the assessed parameters was investigated. Finally, measurements of Mn2+-induced 
quenching of Fura-2 fluorescence enabled the study of Ca2+ influx rates during control and 
hypoxic superfusion of individual rat proximal tubules, as presented in CHAPTER 4. 
Next, we investigated the hypothesis (Bronk 1993, Nichols 1994, Edelstein 1995) that 
calcium-dependent proteases are activated during hypoxia in epithelial cells via an 
increase in cytosolic calcium (CHAPTER 5). Furthermore, since knowledge on proteolytic 
activity in proximal tubules under normal conditions and during oxygen-deprivation is very 
limited, we performed a characterization of the proteolytic activity in rat proximal tubules 
during normoxia and we studied the changes induced by hypoxia. Also, the possibility that 
glycine protects via an effect on proteolytic activity was investigated. 
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Most agents that protect proximal tubules against hypoxia are used in unphysiologically 
high concentrations. Furthermore, they often are lipophilic, suggesting that a non-specific 
membrane-stabilizing effect could be involved. We evaluated the membrane-stabilizing 
properties of many agents (including glycine) using rabbit erythrocytes subjected to a 
hypotonic shock (CHAPTER 6). 
All studies (except CHAPTER 6) were performed using isolated proximal tubules from rats. 
However, both the species (Galianes 1990, Add-Elfattah 1993, Mollhoff 1991) and the age 
of the experimental animal (Miura 19Θ7, Hwang 1994) could influence the susceptibility of 
isolated proximal tubules to ischemic injury. Therefore, we investigated the differences in 
sensitivity to hypoxia between suspensions of proximal tubules derived from either rat or 
rabbit, as documented in CHAPTER 7. Furthermore, this chapter describes the differences 
in vulnerability of proximal tubules isolated from young and old rabbits, and the effect of 
glycine on cell injury and tubulus swelling. 
Proximal tubules derived from young rabbits seemed a suitable model to study long-term 
ischemic processes, such as occurring during cold preservation. CHAPTER 8 of this thesis 
describes how cold preservation induced radical-mediated, iron-dependent cell death in 
freshly-isolated rabbit proximal tubules. Also, the effect of glycine on cold-induced injury 
was studied. 
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Abstract 
Most evidence for a key role of calcium entry in hypoxia-induced renal damage stems from 
studies with calcium channel blockers (CCBs). In proximal tubules, a primary site of renal 
ischemic injury, only phenylalkylamines, especially verapamil, have been studied. In the 
present study the effect of the dihydropyridine felodipine on hypoxic injury in isolated rat 
proximal tubules was investigated. To discriminate between calcium entry blocking and 
other effects, the enantiomers and a non-calcium blocking derivative of felodipine 
(Η1Θ6/Θ6) were included. Cell membrane injury was assessed by measuring the release of 
lactate dehydrogenase (LDH). At high concentrations (100 μΜ) felodipine, Η186/86 and 
the two enantiomers all protected rat proximal tubules against hypoxia-induced injury to 
the same extent. Absence of extracellular calcium did not offer protection, but rather 
enhanced hypoxic injury. All dihydropyridines used increased intracellular K+ 
concentration during normoxia. Felodipine attenuated the hypoxia-induced loss of cellular 
K+. We have tried to mimic the effects of felodipine by using K+ channel blockers. The K+ 
channel blockers quinidine and glibenclamide afforded some protection against hypoxic 
injury, although their effects on cell K+ were equivocal. We conclude that the 
dihydropyridine calcium channel blocker felodipine protects rat proximal tubules against 
hypoxic injury via a calcium-independent mechanism. We propose that high levels of 
intracellular K+ and attenuation of K+ loss during hypoxia are important in this protection. 
Keywords: ischemia, calcium channel blocker, K+ channels 
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Introduction 
The role of calcium in hypoxic renal injury is still a matter of dispute. Most evidence in 
favor of a role for calcium stems from experiments with calcium channel blockers (CCBs). 
Indeed, it has been demonstrated that CCBs afford protection in models of in vivo 
ischemic renal injury (3,5,29,31,36). However, protection in these models could be 
ascribed to the well-known vasodilatory and diuretic properties of CCBs (36). To evaluate 
direct protective effects of CCBs on renal tubular epithelium, studies have been performed 
in in vitro models of ischemic renal injury, using freshly isolated renal tubules or renal cell 
cultures. In these model systems CCBs of the phenylalkylamine class have been studied 
and proven effective. Verapamil protected isolated rat proximal tubules against hypoxia 
(37) and methoxyverapamil afforded partial protection against anoxic injury in rabbit 
proximal tubular cells (28). 
At present it is unknown whether CCBs of other classes are able to attenuate hypoxic cell 
injury. In addition, it has not been proven that phenylalkylamines exert their protective 
effects via inhibition of calcium influx. The concentration of verapamil needed to protect 
rat proximal tubules from hypoxic injury was relatively high (100 μΜ) and protection was 
independent of the presence of extracellular calcium (37). CCBs could offer protection by 
a variety of mechanisms. They not only show vasodilatory properties (7), at high 
concentrations they also interact with sodium and K+ channels (4,9,11,12,26,33) and 
some could act as antiperoxidants (11). 
We have studied the effects of the dihydropyridine felodipine on hypoxic injury in isolated 
rat proximal tubules. In order to discriminate between calcium entry inhibition and other 
effects of felodipine, a non-calcium blocking felodipine derivative and the felodipine 
stereo-isomers were included in our study. Felodipine indeed protects rat proximal tubules 
against hypoxia-induced plasma membrane injury. Although this finding seems to support 
a role for calcium in hypoxia-induced injury, we present evidence that the protection by 
felodipine is not due to a blockade of calcium influx, but might be related to effects on K+ 
channels resulting in attenuation of K+ efflux during hypoxia. 
Methods 
ISOLATION OF RAT PROXIMAL TUBULES 
Proximal tubules were isolated from kidney cortex of male Sprague-Dawley rats weighing 
200-300 g by collagenase digestion (Collagenase A, Boehringer Mannheim, Almere, the 
Netherlands) and centrifugation on a Percoli (Pharmacia, Woerden, the Netherlands) 
gradient as described by Wetzels et al (37). Between the period of incubation in 
collagenase and the centrifugation step, cortex tissue was suspended in buffer 
supplemented with 1% albumin (Albumin Fraction V fatty acid free, Boehringer Mannheim, 
Almere, the Netherlands) for approximately 15 min. Purified tubules were suspended in a 
modified Krebs-Henseleit buffer with pH 7.3, gassed with 95%02/5%C02, and containing 
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(in mM): D-glucose 5; MgS04 1; NaCI 106; NaHC03 20; KCl 5; NaH2P04 2; Hepes 10; 
CaCI2 1; l-glutamine 2; η-butyric acid 10; l-lactic acid 4. The suspension, containing 
typically 1.5 to 3.0 mg protein/ml, was gassed with 95%02/5%C02 f or 5 min on ice and 
then warmed up gradually (10 min room temperature, 10 min 37°C). Aliquote of 5-7 ml were 
put in siliconized (Sigmacote, Sigma, Axel, the Netherlands) Erlenmeyer flasks (25 ml) and 
protective compounds or the appropriate vehicles were added. The experiment was 
started by gassing individual flasks with either 9 5 % 0 2 / 5 % C 0 2 (normoxia) or 
95%Мг/5%С02 (hypoxia) in a shaking waterbath at 37°C. After 5 min, the flasks were 
sealed. 
K+ AND L D H ASSAYS 
Samples for the assessment of cell membrane injury and for the determination of 
intracellular K+ contents were taken after 15 and 30 min of incubation. Cell membrane 
injury was assessed by LDH-release (37). Increased release of LDH indicates complete 
loss of cell membrane integrity, and reflects irreversible injury. LDH-activity in the 
supernatant was expressed as a percentage of total LDH-activity. To determine 
intracellular K+ levels, samples were centrifugea through 700 μΙ of 1 -bromododecane 
(Aldrich, Axel, the Netherlands) into 200 μΙ of sucrose/ficoll (270 mM sucrose, 4% Ficoll 
400, Pharmacia, Woerden, the Netherlands) and further processed for atomic absorption 
spectroscopy (37). K+ values were expressed as nmol per mg protein. Protein was 
quantified by the method developed by Lowry et al (22). When using this methodology for 
the measurement of intracellular K+, it must be remembered that severely damaged 
tubules do not pass through the oil layer. Therefore, injury is reflected by a low recovery of 
protein in the sucrose/ficoll pellet. After 30 min of hypoxic incubation, hardly any protein 
passes through the oil into the sucrose/ficoll layer. When the amount of protein recovered 
in the pellet is low (i.e. < 0.2 mg/ml), the results of the K+ measurements are no longer 
reliable. 
LOW CALCIUM EXPERIMENTS 
In several experiments we have studied the effect of low calcium medium on hypoxic 
injury. For these low calcium experiments, we followed the standard procedure for isolation 
and purification of the tubules. After the initial period of warming, the proximal tubules were 
washed twice with nominally calcium free buffer and subsequently resuspended in this 
same buffer (final calcium concentration approximately 10 μΜ) (28). Control flasks were 
supplemented with 1 mM CaCI2. 
STOCK SOLUTIONS 
Concentrated stock solutions (100 mM) of felodipine (Astra Hassle, Mölndal, Sweden), its 
non-calcium blocking derivative H186/86 (Astra Hassle, Mölndal, Sweden) and the 
felodipine isomers (Astra Hassle, Mölndal, Sweden) were stored for maximally 1 month at 
room temperature and shielded from light. Stock solutions were prepared in PEG400 
according to the instructions of the Astra company. Final concentrations of PEG400 were 
routinely 0.1% v/v and never exceeded 1% v/v. All vehicles were tested for their influence 
on LDH-release or intracellular K+ concentration. The K+ channel blockers were added 
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from concentrated stocks: 100 mM quinidine HCl ¡η PEG400,1 M quinine sulphate (Fluka, 
Buchs, Switzerland) in a mixture of 2 parts chloroform and 1 part ethanol, 10 mM and 500 
mM glibenclamide in DMSO. Appropriate controls were routinely assayed. 
MATERIALS 
All chemicals were of the purest grade and obtained from Sigma (Axel, the Netherlands) or 
Merck (Amsterdam, the Netherlands) unless otherwise indicated. 
STATISTICAL ANALYSIS 
All reported data are expressed as means ± SEM. Statistical analysis was performed 
using analysis of variance (ANOVA) and comparisons between groups were done by 
Student-Newman-Keuls tests using the INSTAT software (Graphpad corporation, San 
Diego, CA, USA). A ρ value below 0.05 is considered significant. 
Results 
LDH-RELEASE AND INTRACELLULAR K+ CONTENT DURING NORMOXIA AND HYPOXIA 
In our preparation of isolated tubules, LDH-release amounted to 14 ± 3% after the initial 
period of warming (t=0). During normoxic incubations LDH-release increased further to 24 
± 2% after 30 min. Hypoxic incubation of the tubules resulted in a marked increase in LDH-
release (figure 1). Intracellular K+ levels remained stable during normoxic but decreased 
during hypoxic incubation (table 1). After 30 min of hypoxia, measurements of intracellular 






Fig 1: Cell injury as reflected by the percentage of LDH released from suspensions of rat proximal tubules 
during normoxic (open squares) or hypoxic (open circle) incubation and effects of 100 μΜ felodipine on 
hypoxia (filled circles) and nonnoxia (filled squares). Data are shown as means ± SEM of 6 to 8 
experiments. Asterisks depict significant differences from values of similar conditions in the absence of 
felodipine. * p<0.05, ** p<0.001 
Fig 2: Percentage protection against hypoxic cell injury in rat proximal tubules by felodipine (striped bars) 
and its derivative Η186/86 (filled bars) compared to hypoxic values (100% protection would be the normoxic 
control value). Data are shown as means + SEM of at least 7 experiments. Both felodipine and Η186/86 offer 
significant protection at 30 min of hypoxia. At 15 min, Η186/86 is less effective than felodipine. * p<0.01 
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EFFECTS OF FELODIPINE 
Felodipine (100 μΜ) protected isolated proximal tubules during 15 and 30 min of hypoxia as 
assessed by the percentage of LDH-release (figure 1). A lower concentration of felodipine 
(10 μΜ) did not protect the tubules (LDH-release 38 ± 3% vs 44 ± 3% and 68 ± 2% vs 72 ± 
3% for hypoxic control vs 10 μΜ felodipine after 15 and 30 min respectively). At normoxic 
conditions 100 μΜ felodipine caused some tubular damage as assessed by LDH-release 
(figure 1). 
EFFECT OF LOW EXTRACELLULAR CALCIUM 
Isolated proximal tubules were incubated in media devoid of added calcium and free 
calcium levels in these solutions were estimated to be approximately 10 μΜ (28). Removal 
of extracellular calcium resulted in a decrease of intracellular K+ at normoxic conditions 
and was deleterious to renal tubules at hypoxic conditions (table 1 ). The protective effect 
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Table 1 : Effects of low extracellular calcium on LDH-release and intracellular potassium content during 
normoxia and hypoxia. Tubules were washed and incubated in nominally calcium free medium containing 
approximately 10 μΜ Ca2+ (see methods). Normoxic and hypoxic controls were supplemented with extra 
calcium before incubation to a final concentration of 1 mM 100 μΜ felodipine was added after the period of 
warming up at 37°C. After 30 mm of hypoxia with or without calcium, potassium levels were no longer 
reliable (see methods). Data are expressed as means ± SEM. Number of expenments (N) is given for each 
condition, a p<o.001 compared to normoxia, » р<0.01 compared to hypoxia, с p<o.05 compared to 
hypoxia/tow Ca2+, d p<0.001 compared to hypoxia/low Саг*. 
PROTECTION BY STEREOISOMERS AND DERIVATIVE OF FELODIPINE 
The non-calcium blocking felodipine derivative Η186/86 also decreased LDH-release 
during hypoxic conditions, although the effect was less pronounced than with felodipine 
and became more marked after 30 min of incubation (figure 2). Since the commercially 
available felodipine is a racemic mixture of two stereo-isomers, we also tested the 
individual compounds in the same experimental settings. Felodipine- (F-) is the 
pharmacologically active compound, whereas felodipine+ (F+) does not block L-type 
calcium channels. Both isomers afforded protection against hypoxia as assessed by LDH-
release (figure 3). 
EFFECTS OF DIHYDROPYRIDINES ON K+ LEVELS 
We observed a significant increase in intracellular K+ levels during normoxic incubation of 
the proximal tubules with either felodipine or its derivative (figure 4). During hypoxia 
felodipine significantly preserved K+ levels after 15 min of incubation (figure 5). Both 
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stereoisomers were equally effective in increasing intracellular K+ levels (figure 5). In 
contrast, the felodipine derivative H186/86 did not significantly preserve K+ levels during 






Fig 3: Rat proximal tubules incubated at normoxic (open squares) and hypoxic (filled circles) conditions for 
30 min. Hypoxic tubules were also incubated with the stereo-isomers of felodipine, which were added just 
before the period of hypoxic incubation. Open circles represent felodipine-, filled squares felodpine+. Data 
are expressed as means ± SEM of at least 6 experiments. Asterisks depict significant differences with 
hypoxic values. * p<0.001 
Fig 4: Intracellular K+ content of rat proximal tubules during normoxic incubation (open bars) and the effect 
of 100 μΜ felodipine (striped bars) and 100 μΜ Η186/86 (filled bars) on K+ levels after 15 and 30 min of 
incubation. Data are shown as means ± SEM of at least 5 experiments. * p<0.05, ** p<0.01 compared to 
normoxic K+ levels. 
400 100 
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Fig 5: Intracellular K+ content measured after 15 min of incubation at normoxic and hypoxic conditions. 
Striped bars represent the control values without additions. Felodipine and its stereo-isomers are 
represented in the other bars: racemic mixture (dotted bars), felodipine+ (filled bars) and felodipine- (open 
bars). Data are given as means ± SEM of at least 7 experiments. * p<0.05, ** p<0.01 compared to the 
respective normoxic or hypoxic control values. 
Fig 6: Cell injury as reflected by the percentage of LDH released from rat proximal tubules during normoxic 
(open squares) or hypoxic (open circle) incubation and the effect of 500 μΜ glibenclamide on normoxic 
(closed squares) and hypoxic (closed circles) tubules. Data are given as means ± SEM of at least 5 
experiments. * p<0.01 compared to the appropriate normoxic or hypoxic controls. 
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EFFECTS OF K+ CHANNEL BLOCKERS 
We studied the effects of the K> channel blockers quinine (1 mM), quinidine (1 mM) and 
glibenclamide (10 μΜ and 500 μΜ) under normoxic and hypoxic conditions. Quinine and 
quinidine increased intracellular K + levels at normoxic conditions, but did not prevent the 
loss of K+ during hypoxia (table 2). Quinidine but not quinine attenuated cellular injury as 
reflected by LDH-release after 30 min (table 2). Both blockers increased cell injury after 15 
min of normoxic incubation. The damaging effect of quinidine became more marked after 
30 min (table 2). Glibenclamide (500 μΜ) preserved cell membrane integrity as assessed 
by LDH-release during 30 min of hypoxia (figure 6). Intracellular K+ levels during hypoxia 
were not influenced by glibenclamide (146 ± 21 nmol/mg protein vs 131 ± 23 nmol/mg 
protein for hypoxic control vs 500 μΜ glibenclamide after 30 min). During normoxia, the 
presence of glibenclamide resulted in an increased LD^f-release (figure 6) and decreased 
intracellular K+ levels (261 ± 12 nmol/mg protein vs 179 ± 33 nmol/mg protein for normoxic 
control vs 500 μΜ glibenclamide after 30 min). A lower concentration of glibenclamide (10 
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Table 2: Effect of potassium channel blockers on LDH-release and potassium content. Tubules were 
incubated in medium with or without 1mM quinine or quinidine under погттюхю or hypoxic conditions. After 
15 and 30 mm the percentage LDH released in the medium and the amount of intracellular potassium per 
mg protein were determined (see methods). Data are shown as means ± SEM. The number of expenments 
(N) is included for each condition, a p<0.01 compared to normoxia, b p<0.05 compared to normoxia, ° 
p<0.05 compared to hypoxia 
Discussion 
The role of intracellular calcium in hypoxia-induced renal damage is still a matter of debate. 
Most evidence in favor of a role for calcium is based upon experiments with calcium 
channel blockers (CCBs). Specifically, CCBs of the phenylalkylamine class have been 
demonstrated to protect renal tissue against oxygen deprivation injury both in vivo (29,36) 
and in vitro (1,28,30,37). Certainly, the protective efficacy of the phenylalkylamine 
verapamil provides only indirect and weak evidence for a role of calcium in hypoxic renal 
injury. The development of single cell fluorescence imaging techniques has allowed direct 
measurements of intracellular calcium concentrations. Recent studies have shown that 
intracellular calcium increases during hypoxia in freshly isolated rat proximal tubules (20) 
and in isolated rabbit proximal tubule cells (28), and a relationship between the increase of 
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intracellular calcium and the occurrence of cell injury was suggested (20). Although these 
studies point to a role for calcium in hypoxic injury, they do not unequivocally demonstrate 
that verapamil protects renal tubular cells by blocking calcium influx. Some investigators 
suggest that protection is independent of the calcium blocking properties of the drugs 
(1,37). Indeed, it has been demonstrated that relatively high concentrations of verapamil 
(100 μΜ) are required for protection (1,37). It was also shown that verapamil was 
protective in the absence of extracellular calcium (37). 
Our present study with dihydropyridines demonstrates clearly that felodipine also protects 
isolated rat proximal tubules against hypoxia-induced plasma membrane injury as 
assessed by LDH-release. Our data are in close agreement with the reported effects of 
verapamil. Although this may suggest a role for calcium in oxygen deprivation injury, we 
present four lines of evidence that protection by felodipine is not due to a blockade of 
calcium influx. 
First, felodipine only protects rat proximal tubules against hypoxia-induced injury at high 
concentrations (100 μΜ). Binding of dihydropyridine-type CCBs to L-type Ca 2 + channels, 
as characterized in cardiac tissue (7) and in depolarized smooth muscle cells (38), 
occurs, however, at nanomolar concentrations. Still, К is possible that calcium channels 
present in rat proximal tubules can only be blocked at high concentrations. Different 
concentrations of dihydropyridines (DHP) are reported to block L-type calcium channels in 
cardiac tissue (nanomolar range) and skeletal muscle (micromolar range) (7). Also, binding 
of DHPs to their receptor depends on factors varying between tissues and experimental 
conditions, such as membrane potential and the state of the channel (resting or 
inactivated) (7,38). Recently, Matsunaga et al. (24) characterized electrophysiological^ a 
L-type like calcium channel present in cultured renal distal convoluted tubules. This 
channel could be blocked by 10 μΜ nifedipine. 
Second, we have demonstrated that felodipine, like verapamil, protects renal tubules 
against hypoxic injury in the absence of extracellular calcium. Lowering of the 
extracellular calcium concentration per se did not afford protection, but rather increased 
hypoxic injury. Although these results might suggest that calcium influx is not involved in 
the induction of hypoxic renal injury, they do not allow straightforward conclusions. The 
absence of calcium causes marked alterations in cell metabolism, as reflected by a 
decrease in intracellular K+ and ATP (37). These changes in cell metabolism could well be 
responsible for the increased cellular injury occurring under hypoxic conditions. Also, in 
view of the important role of calcium in the regulation of cell volume, lowering of 
extracellular calcium could prevent cells from regulating their volume after swelling. 
Therefore, our data do not allow us to conclude what sort of damage is prevented by 
felodipine in low calcium media. 
A third line of evidence is provided by the results of the experiments using the non-calcium 
blocking felodipine derivative H186/86. H186/86 is a dihydropyridine analogue which does 
not possess either calcium antagonistic or vasodilatory properties (6). In our model, this 
analogue protected renal tubules against hypoxia-induced damage in the same 
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concentration range as felodipine (100 μΜ but not 10 μΜ). 
Finally, the effects of the individual enantiomers of felodipine were studied in our model. 
Normally, (-)-isomers have higher affinities for the target molecule than (+)-isomers; for 
example, (-)-enantiomers of the DHPs isradipine and nimodipine show a 10- to 100-fold 
higher affinity for L-type calcium channels than their (+)-counterparts (32). Our 
experiments show that both stereo-isomers of felodipine are equally effective in 
preventing disruption of tubular plasma membrane integrity and in increasing and 
preserving intracellular K+ levels. The protective pathway by which felodipine exerts its 
action is therefore not stereo-selective. 
Taken together, our data indicate that the CCB felodipine protects renal tubules from 
hypoxic injury independently of an effect on calcium entry. 
Our data suggest a correlation between protection from hypoxic injury and the level of 
intracellular K+. When intracellular K+ decreased (in low calcium experiments), tubules 
became more vulnerable to hypoxic injury, whereas compounds that increased K+ levels 
(felodipine or its derivative) protected tubules from hypoxia. We tried to mimic the 
protective effect of felodipine by using the K+ channel blockers quinine, quinidine and 
glibenclamide. Both quinidine and glibenclamide protected hypoxic tubules against 
membrane injury, as assessed by LDH-leakage. This finding is in agreement with recent 
studies by Reeves et al. (27), who reported protection by tetraethylammonium and 
glibenclamide against hypoxia-induced injury in isolated proximal tubules of the rat. 
Since felodipine and H186/86 protect rat proximal tubules against hypoxia and increase 
intracellular K+ levels, and some protection could be obtained by the use of the K+ channel 
blockers quinidine and glibenclamide, we propose that felodipine and its derivative exert 
their protective effect by blocking K+ channels, which would preserve intracellular K+ 
levels during the first period of hypoxia. Delaying cellular K+ leakage could slow sodium 
and chloride influx, and therefore cell swelling, which occurs during hypoxia when ATP is 
no longer available for the Na+-K+-ATPase. Tubules incubated in low calcium media also 
exhibit an increased loss of intracellular K+. In this situation felodipine also prevented K+ 
loss, and attenuated cell injury. Interactions of CCBs with integral membrane proteins 
such as K+ and Na+ channels are known to occur and have been described by several 
groups (4,9,11,12,26,33). The drug used in our experiments is very lipophilic and has a 
high lateral diffusion coefficient (as high as that for membrane lipids): 3.8*10"8 cm2.sec"1 
(23). Felodipine accumulates in membranes (23,32) and is thought to bind to its receptor 
within the membrane bilayer, illustrating its hydrophobic character (23). Therefore, both 
direct interactions with membrane proteins as indirect interactions via disruption of the 
lipid bilayer structure are likely to occur. 
In our model ATP-sensitive K+ channels could be a target for felodipine. Actively 
transporting cells, such as renal epithelial cells, possess ATP-sensitive K+ channels to 
allow excessive intracellular K+, pumped in by the Na+-K+-ATPases, to leave the cell again 
(15,27,34). This prevents K+ accumulation and maintains a large electrical gradient for Na+ 
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entry across the apical membrane (15). ATP-sensitive K+ channels open when ATP 
concentrations drop below 1 mM (8,27). Reeves et al. recently showed that hypoxia-
induced K+ leakage is not due to a decreased influx caused by the standstill of the Na+-K+-
pump, but to an increased K+ efflux (27). This efflux could be blocked by 
tetraethylammonium and glibenclamide (a specific ATP-sensitive K+ channel blocker) at 
concentrations known to block ATP-sensitive K+ channels in rabbit proximal tubules 
(K r250 μΜ) (27,34). Thus, a blockade of ATP-sensitive K+ channels during hypoxia, when 
ATP is depleted within minutes, would lead to preservation of intracellular K+ levels. In our 
model, felodipine and its stereoisomers preserved K+ during the first 15 min of hypoxia 
and provided almost complete protection. The specific blocker of ATP-sensitive K+ 
channels glibenclamide provided substantial protection in our experiments in the same 
concentrations as used by Reeves et al. These results suggest a role for K+ channels in 
hypoxic tubular injury, and might explain the protective effect of substances which are 
capable of interacting with these channels. However, the evidence that blockade of K+ 
efflux is involved in the protection of cells against hypoxic injury is rather indirect. Most 
agents caused definite membrane injury when used at normoxic conditions, and increased 
K+ efflux. During hypoxia, both damaging and protective effects are operative, and the 
resulting LDH release and K+ levels can not easily be predicted. Further studies should 
focus on changes in K+ in individual tubular cells in relation to cell injury. 
In summary, we have shown that felodipine protects isolated rat proximal tubules from 
hypoxia-induced injury in a calcium independent way. Felodipine increased K+ levels 
during both normoxia and hypoxia. This latter finding suggests that felodipine and its 
derivative might afford protection against hypoxic injury by blocking K+ efflux. We have 
tried to corroborate further the relationship between hypoxic cell injury and cellular 
potassium efflux by studying the effects of the K+ channel blockers quinine, quinidine and 
glibenclamide. Only quinidine and especially glibenclamide afforded some protection 
against hypoxia-induced membrane injury, and the effects of these drugs on intracellular 
K+ levels were not conclusive. The interpretation of the effects of the K+ channel blockers 
is further hampered by the deleterious effects of these blockers on proximal tubules at 
normoxic conditions. We have also shown that both stereo-isomers of felodipine are 
equally effective in reducing LDH-leakage in our model. Since the (+)-isomer lacks 
vasodilatory and hence hypotensive properties, further study might reveal better and 
more effective ways to use this isoform of felodipine in patients at risk for hypoxic injury of 
the kidney and most likely other organs. 
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Abstract 
It has been suggested that ischemic renal proximal tubular cell injury is mediated by an 
increase in cytosolic calcium concentrations ([Ca2+],). However, measurements of [Ca2+]| 
in rat or rabbit proximal tubules exposed to hypoxia or anoxia have yielded ambiguous 
results. We have explored the possibility that the severeness of oxygen deprivation and 
the energy state of the mitochondria are important determinants of [Ca2+]|. To this end, 
[Ca2+]| (measured with fura-2) and the mitochondrial membrane potential (measured with 
rhodamine 123) were studied simultaneously in individual rat proximal tubules in hypoxic 
and anoxic conditions. [Ca2+]| did not change during hypoxia, but increased rapidly during 
anoxia. Increases in [Ca2+]| were only observed in parallel with a decrease of rhodamine 
123 fluorescence, which indicates a collapse of the mitochondrial membrane potential. 
The increase in [Ca2+]| during anoxia was prevented by incubating the tubules in a low 
Ca2+ medium, which did not interfere with the collapse of the mitochondrial membrane 
potential. Both hypoxic and anoxic incubation led to cell death, as assessed by the 
fluorescent dye propidium iodide. Our results clearly demonstrate that the level of oxygen 
deprivation is critical in determining changes in [Ca2+]¡. Since cell damage occurred in both 
hypoxic and anoxic conditions, we conclude that an increase in [Ca2+]¡ is not a necessary 
prerequisite for the development of ischemic cell injury. 
Key words: ischemia, hypoxia, anoxia, cytosolic calcium, mitochondrial membrane 
potential, cell death, NADH 
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Introduction 
The role of intracellular Ca2+ in ischemia-induced renal injury is still a matter of debate. 
Most evidence supporting a role for Ca2 + in ischemic renal injury is derived from 
experiments with Ca2+ channel blockers (1-4). It has been demonstrated that these 
agents afford protection against cell damage in various models of in vivo and in vitro 
ischemic renal injury. However, these studies can only provide indirect evidence for a role 
of Ca2+ in ischemic cell injury. Moreover, Ca2+ channel blockers could influence in vivo 
renal injury by their vasodilatory and diuretic effects (5). Furthermore, we have recently 
demonstrated in an in vitro model of ischemic tubular cell injury, that the protective effect 
of the Ca2+ channel blocker f elodipine is independent of extracellular Ca2* and is mimicked 
by felodipine analogues that do not block Ca2+ influx (6). These observations implicate 
that the role of Ca2+ in cell injury can not be assessed by using Ca2+ channel blockers. 
Evidence in favour of a role of increased cytosolic Ca2+ ([Ca2+]|) in ischemic injury stems 
from studies in which intracellular Ca2+ was measured. Using atomic absorption 
spectrophotometry, Takano and colleagues (7) observed increased levels of total cell 
Ca2+ during hypoxic incubation of rabbit proximal tubules. In rat proximal tubules hypoxia 
caused an increase in the tubular uptake of Ca2+, measured with the isotope 45Ca2+ (3). 
However, these studies have limitations, as they do not discriminate between influx of 
Ca2+ into the cytosol and binding of Ca2+ to cell membranes. Also, these experiments do 
not give information about the intracellular free Ca2+ concentration. Finally, no evidence is 
provided that the abnormalities in Ca2+ handling precede rather than result from cell injury. 
With the advent of newer technologies that allow measurements of [Ca2+]| using 
fluorescent probes, it has become possible to more precisely characterize changes in 
[Ca2+]¡ in relation to hypoxic cell injury. However, the results of several studies have been 
ambiguous. Kribben et al (8) demonstrated a rapid increase in [Ca2+]| during hypoxic 
incubation of rat proximal tubules, which preceded and correlated to ensuing cell injury. 
Rose et al (9) observed heterogeneous responses of [Ca2+]| to anoxia in isolated rabbit 
proximal tubular cells and could not demonstrate a correlation between [Ca2+]| and cell 
injury. Weinberg et al (10) found that rabbit proximal tubules subjected to chemical anoxia 
did not develop increases of [Ca2+]¡ until just before loss of viability. Finally, Jacobs et al 
(11) showed that [Ca2+]¡ did not increase in rabbit proximal tubules during anoxia or 
chemical hypoxia. 
So far, the discrepancies between these studies remained unexplained. However, it has 
been suggested that the exact level of oxygen deprivation might be important. Takano et 
al (7) observed that total cell Ca2+ increased during hypoxia, but decreased slightly during 
complete anoxia. Based on these observations, it was hypothesized that the differences 
in Ca2+ levels can be fully explained by differences in the accumulation of Ca2+ by the 
mitochondria (7,12,13). Thus, the severeness of hypoxia, which determines the capacity 
of mitochondria to accumulate Ca2+, could influence total cell Ca2+ and [Ca2+]|. This 
hypothesis has not been tested so far. Therefore, we designed experiments to measure 
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[Ca2+]| and the mitochondrial membrane potential simultaneously in individual rat proximal 
tubules under hypoxic or anoxic conditions, using fura-2 AM and rhodamine 123 (14), 
respectively. [Ca2+]¡ did not change during hypoxia, but increased rapidly during anoxia. 
[Ca2+]¡ only increased when the mitochondrial membrane potential collapsed. However, 
hypoxic as well as anoxic incubation led to cell death. 
Materials & Methods 
ISOLATION OF PROXIMAL TUBULES 
Proximal tubules were isolated from male Sprague-Dawley rats weighing 200-250 g as 
previously described in detail (3,4). Briefly, rats were anaesthetized with 0.1 ml/100 g 
bodyweight of pentobarbital (Narcovet, Apharmo, Arnhem, The Netherlands) and the 
kidneys were flushed with 40 ml of an adapted Krebs-Henseleit Buffer (buffer A) containing 
0.17 mg/ml collagenase A (Boehringer Mannheim, Mannheim, Germany) and 0.42 mg/ml 
Hyaluronidase (Boehringer Mannheim, Mannheim, Germany). Buffer A was kept on ice 
(4"C), gassed with 95%Ог/5%С02 to obtain a pH of 7.3 and contained (in mM): D-glucose 
5; MgS04 1; NaC1106; NaHC03 20; KCl 5; NaH2P04 2; Hepes 10; CaCI2 1; l-glutamine 1; 
η-butyric acid 1 ; l-lactic acid 1. Both kidneys were taken out, the cortex removed and 
minced to small pieces, which were incubated in 30 ml of buffer A containing 0.33 mg/ml 
collagenase A and 0.25 mg/ml Hyaluronidase at 37'C in a shaking waterbath. After 10 min 
digested fragments were collected and washed. The centrifugaron step through a Percoli 
gradient to enrich the suspension with proximal tubules (3, 4) was skipped, since selection 
of proximal tubular fragments was performed by microscopic examination during the 
experiment. Samples of 1 ml of tubule suspension were placed in 25-ml Erlenmeyer flasks 
and 2 mM glycine (5 μΙ of a 400 mM stock solution in water) was added. The flasks were 
gassed on ice with 95%02/5%C02 for 1-3 min and kept on ice until use. 
LOADING WITH FLUORESCENT PROBES 
Tubules were allowed to warm up gradually at room temperature for 10 min. Then 100 μΙ of 
the tubule suspension was pipetted on a Celltak (Collaborative Biomedical Products, 
Bedford, MA, USA) coated coverslip, which was placed in a customized Leiden chamber 
gassed with 95%02/5%C02. Hundred μΙ of loading buffer was added, leading to a final 
concentration of 10 μΜ fura-2 AM (Molecular Probes, Eugene, OR, USA), 0.025% (w/v) 
pluronic F127 (Molecular Probes, Eugene, OR, USA, from a 25% (w/v) stock solution in dry 
DMSO), 3 mM probenecid (Sigma, St. Louis, MO, USA, from a 0.5 M stock solution in 0.5 N 
NaOH) and 2 mM glycine (from a stock solution of 400 mM in water) in buffer A. Tubules 
were loaded for 30 min at room temperature, while being gassed with 95%02/5%C02. 
Evaporation was avoided by leading the gas through a water-containing bottle. When 
experiments were performed without fura-2 AM, tubules were incubated in buffer A for 30 
min under the same conditions as for the fura-2 AM loading. The chamber was then 
mounted on the stage of a Nikon Diaphot inverted microscope, which was connected via a 
charge-coupled device (CCD) camera to the MagiCal system (Joyce Loeble, Tyne & Wear, 
UK). The MagiCal system has been extensively described by Neylon et al (15). 
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Experiments were started by flushing the chamber with gassed buffer A which did not 
contain glycine. 
In some experiments, tubules were simultaneously loaded with fura-2 AM and rhodamine 
123, a fluorescent probe that distributes according to the mitochondrial membrane 
potential (Sigma, St. Louis, MO, USA). After loading with fura-2 AM, rhodamine 123 was 
added at a final concentration of 1 μΜ. The other constituents of the fura-2 AM loading 
buffer were also added to preserve their concentration during the entire period of loading. 
Loading was checked regularly. Flushing with buffer A was routinely started after 7-12 min 
of rhodamine 123 loading. 
EXPERIMENTAL SET-UP 
Two different Leiden chambers were used, called chamber A and B. Chamber A was used 
for superfusion experiments and closely resembles the one used by Kribben et al (16). It 
allowed for controlled superfusion and contained specific in- and outlets for gassing, fluid 
and thermometer. However, in this chamber complete anoxia can not be achieved. To 
accomplish anoxic levels, we had to perform no-flow experiments and to use Oxyrase 
(Oxyrase Inc., Ashland, OH, USA). For these experiments a standard Leiden-chamber 
(chamber B) was employed, supplemented with an insert as is present in chamber A to 
optimize the exchange of in- and outcoming fluid and to limit perturbation (16). Superfusion 
could take place in the so-called open mode and the chamber could be air-tightly closed 
thereafter. The chambers were heated by different mechanisms. Temperature in chamber 
A was controlled by heating the incoming perfusate by means of a water coat. Chamber В 
was placed in an adaptable metal heating block. Both methods created a temperature of 
35*-36*C in the chamber. 
Superfusion experiments were performed in chamber A. Gassed buffer A (95%02/5%C02 
for normoxic buffer, 95%N2/5%C02 for hypoxic buffer) was pumped through Viton tubing 
(aperture 1x3 mm; Rubber BV, Hilversum, The Netherlands) into the chamber. An HPLC 
gas-tight switch was used to switch between buffers. The buffer in the chamber was 
gassed over with the corresponding gas mixture (16). Loaded tubules were mounted on 
the stage of the microscope and flushed for 5 min with normoxic buffer. After an additional 
period of superfusion of 5 min with normoxic buffer (normoxic experiments) or hypoxic 
buffer (hypoxic experiments) to equilibrate the chamber, measurements were started. 
The experiments with Oxyrase and their controls were performed in chamber В using 
buffer A. After the period of loading, chamber В was inserted in the heating block on the 
stage of the microscope. Tubules were flushed for 5 min with normoxic buffer and 
equilibrated for 5 min with normoxic buffer (normoxic experiments) or with hypoxic buffer 
(hypoxic and anoxic experiments). The chamber was filled with buffer and closed. When 
appropriate, Oxyrase (Oxyrase Inc., Ashland, OH, USA) or EGTA was added just before 
the chamber was closed. Then measurements were started. 
One should realize that in a closed chamber leakage of fura-2 could influence the 
observed [Ca2 +]| signal. To circumvent these problems, we have used additional 
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experimental approaches, in one, we have added glycine (2 mM) to the final incubation 
buffer in order to prevent cell injury and dye leakage as much as possible. Also, we have 
used chamber В filled with a thin layer of fluid which was continuously gassed over. In this 
experimental setting gassing could be switched from N2 to 0 2 without changing the fluid 
content. 
MEASUREMENTS wrm FLUOHESCENT PROBES 
Fura-2 loaded tubules were excited alternately with 340 nm and 380 nm. The emitted light 
was filtered through a 490 nm filter and captured by a CCD-camera. NADH fluorescence 
was measured at 360 nm excitation and 490 nm emission using unloaded tubules. 
Rhodamine 123 was measured using 490 nm excitation combined with a 510 nm emission 
filter. When fura-2 and rhodamine 123 were measured simultaneously, all fluorescence 
was captured at 510 nm. Because of the intense rhodamine 123 fluorescence, neutral 
density filters (ND-filters) were switched during the simultaneous fura-2 and rhodamine 
123 measurements. With a ND-1.5 filter for fura-2 and a ND-2 filter for rhodamine 123, 
similar fluorescence intensities were captured. Propidium iodide (PI) was used as a marker 
for cell death. This membrane impermeant dye can only stain the nucleus once the plasma 
membrane is irreversibly damaged. For superfusion experiments, PI (Sigma, St. Louis, 
MO, USA, 5 цд/rnl) was added to a separate bottle of buffer A. This Pl-containing buffer 
was perfused for 90 sec, followed by a 60 sec flushing period with the original buffer to get 
rid of any residual PI. Then fluorescence was captured. To obtain the 100% reference 
signal, we perfused with 70% ethanol for 60 sec, with Pl-containing buffer for 90 sec and 
with Pl-free buffer for 60 sec. Cell death was expressed as the percentage of the maximal 
(100%) fluorescence signal, using TARDIS software (Joyce Loeble, Tyne & Wear, UK). For 
PI measurements during no-flow experiments, PI was injected close to the adhered 
tubules and was allowed to stain the nuclei for 90 sec. Then tubules were flushed and 
images were captured. These computer ¡mages of Pl-stained tubules were saved, and 
processed later using NIH-Ітад (public domain) and stained nuclei were counted 
afterwards. PI was measured using 490 nm excitation and 510 nm emission wavelengths. 
All emitted light was captured by a CCD camera followed by digital imaging using TARDIS 
software (Joyce Loeble, Tyne & Wear, UK). Calibrations of fura-2 ratios were performed 
using ionomycine and EGTA. However, tubules often were severely injured by these 
substances, which seriously hampered the calibration, as described previously by others 
(17,18). When calibrations were successful, we obtained a Rmax of approximately 3.6 (10 
μΜ ionomycine) and a Rmin of approximately 0.4 (5 mM EGTA). Using these values, basal 
[Ca 2 + ]| was calculated to vary between 60 and 150 nM. However, throughout this 
publication we use fura-2 ratios to represent [Ca2+](. 
CHEMICALS 
All chemicals were of the purest grade and obtained from Sigma (St. Louis, MO, USA) or 
Merck (Darmstadt, Germany) unless otherwise indicated. 
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STATISTICS 
All reported data are expressed as means ± SEM. Statistical analysis was performed 
using analysis of variance (ANOVA) and comparisons between groups were done by the 
Student-Newman Keuls test using INSTAT software (Graphpad Corp, San Diego, CA, 
USA), unless stated differently A Ρ value below 0 05 is considered significant. 
Results 
NADH FLUORESCENCE 
NADH fluorescence measured during normoxic superfusion remained constant. When 
tubules were superfused with hypoxic buffer, NADH levels rose rapidly (fig 1). Upon 
reoxygenation NADH levels returned to basal values (fig 1 ). The experimental setup of the 
no-flow experiments precluded NADH measurements during the onset of anoxia or 
hypoxia. However, upon reoxygenation, a decrease of the NADH signal occurred, thus 
suggesting that NADH levels had been increased 
Figi 
NADH increase during hypoxic 
superfusion Unloaded tubules 
were superfused with gassed 
buffer Í95%N2/5%C02) in an 
adapted Leiden chamber (see 
Methods section) NÀDH 
fluorescence was measured at 
380 nm excitation and 490 nm 
emission using Digital Imaging 
Fluorescence Microscopy, and is 
presented in arbitrary units (a u ) 
Hypoxia increased NADH levels, 
which was quickly reversible 
upon reoxygenation Figure 
represents typical trace of a 
0 2 4 6 8 single rat proximal tubule 
Time (min) 
[CA2+], MEASUREMENTS 
During normoxic superfusion [Ca2+]|, presented as the fura-2 ratio, remained constant 
(table 1). When hypoxic buffer was used, also no increase in [Ca2+]| was observed (table 1 
and fig 2). The [Ca2+]|-dependence of the fura-2 ratio signal was confirmed by the addition 
of the Ca2+-ionophore lonomycme and the Ca2+-chelatmg agent EGTA as shown in fig 2 
The addition of lonomycme (10 μΜ) always resulted in a rapid increase in the fura-2 ratio, 
which was reversed by the subsequent addition of EGTA (5 mM). 
The no-flow experiments yielded similar results Both during normoxia and hypoxia, no 
increase in [Ca 2 + ] ( was detected (table 2) In contrast, the addition of Oxyrase, which 
results in complete anoxia, caused a rapid increase in the fura-2 ratio (table 2 and fig 3) 
Upon reoxygenation, [Ca2+]¡ rapidly decreased (fura-2 ratio 1.57 ± 0 06 and 1 08 ± 0 08 for 
20 mm anoxia vs reoxygenation, respectively, 69 and 34 tubules from at least 5 
preparations; Ρ < 0 001; see fig 3) When tubules were made anoxic in the presence of 2 
43 
Chapter 3 
mM glycine, the fura-2 ratio after 10 mm of anoxia was 1.48 ± 0 04 and returned to 1.15 ± 


















normoxia 0 97 ± 0 03 
hypoxia 1 00 ± 0 02 
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0 9 8 ± 0 0 3 
0 9 9 ± 0 0 2 
fura-2 ratio 
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0 99 + 0 03 
0 97 ± 0 02 
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Fig 2: [Ca2+]| during hypoxic superfusion Fura-2 loaded tubules were perfused with hypoxic buffer 
(95%N2/5%C02) in an adapted Leiden chamber using Digital Imaging Fluorescence Microscopy [Ca2+], as 
represented by the fura-2 ratio (340 nm/380 nm), remained unchanged dunng hypoxia Increases and 
decreases of [Ca2+]| could be observed after addition of 10 μΜ юпотусте and 5 mM EGTA, respectively 
Figure represents typical trace of a single rat proximal tubule 
Table 1 [Ca2+]| in rat proximal tubules under normoxic or hypoxic conditions [Ca2+]i was measured in 
individual fura-2 loaded rat proximal tubules using Digital Imaging Fluorescence Microscopy Tubules were 
supervised with either normoxic (95%02/5%СОг) or hypoxic (95%^/5%СОг) buffer in a customized 
Leiden chamber Fura-2 ratos (340 nm/380 nm) are given as means ± SEM Means are from 
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1 1 0 ± 0 0 3 
1 1 3 ± 0 0 2 
fura 2 ratio 
10 mm 
1 12 ± 0 02 
1 1 1 ± 0 0 2 
1 4 9 ± 0 04abc 
fura 2 ratio 
20 mm 
1 1 1 ± 0 0 3 
1 0 3 ± 0 0 2 




Fig 3 [Саг*], dunng anoxia Fura-2 loaded tubules were studied in a no-flow Leiden chamber (see Methods 
section) using Digital Imaging Fluorescence Microscopy Anoxia was induced by the addition of 1 2% 
Oxyrase [Ca2+], as represented by the fura-2 ratio, rapidly increased dunng anoxia, which was reversible 
upon reoxygenation the Ca2+ dependence of the fura-2 signal was demonstrated by the effects of 
юпотусіп (10 μΜ) and EGTA (5 mM) Figure represents typical trace of a single rat proximal tubule 
Table 2 [Ca2+], m rat proximal tubules incubated under normoxic, hypoxic or anoxic no-flow conditions 
fCa2+], was measured in individual fura-2 loaded rat proximal tubules using Digital Imaging Fluorescence 
Microscopy Tubules were studied in a no-flow Leiden chamber Anoxia was induced by the addition of 1 2% 
Oxyrase Fura-2 rabos are given as means ± SEM Means are from measurements of at least 49 tubules 
from 5 preparations (0 mm and 10 mm) or 21 tubules from 3 preparatone (20 mm) ap<0 001 vs 0 mm, 
ьр<0 001 vs normoxia, cp<o 001 vs hypoxia 
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In separate experiments tubules were incubated in the closed chamber which was filled 
with a thin layer of fluid (see methods). In this setting reoxygenation could be achieved by 
changing from N2/CO2 to 0 2 / C 0 2 without changing the bathing fluid. The results of these 
experiments also demonstrated a reversible increase in [Ca2+]| (fura-2 ratio 1.49 ± 0.03 vs 
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Fig 4a en 4b: (a) [Ca 2 4 during anoxia with glycine Fura-2 loaded tubules were studied in the presence of 
2 mM glycine in a no-flow Leiden chamber (see methods). Anoxia was induced by the addition of 1.2% 
Oxyrase. [Ca2+]i, as represented by the fura-2 rabo, rapidly increased during anoxia, and was reversible 
upon reoxygenation. The addition of glycine had no effect on [Ca2+],. Figure represents typical trace of a 
single rat proximal tubule (b) Separate fura-2 traces, presented in arbitrary units (a.u ) during anoxia with 
glycine. The addition of 1 2 % Oxyrase induced a rapid increase in the 340 nm (bold line) and a concurrent 
decrease in the 380 nm signal(dotted line), reversed upon reoxygenation. These traces also demonstrate 
that there is no apparent loss of total fura-2 signal. Figure represents typical traces of a single tubule 
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Fig 5a and 5Ь: (а) [Са2+], during "thin layer" anoxia. Fura-2 loaded tubules were incubated in a no-flow 
chamber filled with a thin layer offluid, and studied using Digital Imaging Fluorescence Microscopy. Anoxia 
was induced by the addibon of 1.2% Oxyrase. [Ca2+],. as represented by the fura-2 rato, rapidly increased 
during anoxia. Reoxygenation could be performed by simply switching the gassing [Ca2+]¡ rapidly 
decreased upon reoxygenation. Figure represents typical trace of a single tubule (b) Seperate fura-2 traces 
presented in arbitrary units (a.u.) during "thin layer anoxia. Oxyrase provoked a rapid increase in the 340 
nm signal (bold line) and a concurrent decrease in the 380 nm signal (dotted line). Reoxygenation resulted 
in a rapid reversal of the signals. There is no apparent loss of total fura-2 signal. Figure represents typical 
traces of a single tubule. 
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MITOCHONDRIAL MEMBRANE POTENTIAL 
During normoxic and hypoxic superfusion, rhodamine 123 fluorescence remained virtually 
constant (0.65 ± 0.13 and 0.61 + 0.12 % loss of initial fluorescence/min for normoxia and 
hypoxia, respectively; 14 and 22 tubules of at least 2 preparations, respectively; NS). As 
shown in fig 6a, both the fura-2 ratio and rhodamine 123 fluorescence were unaffected by 
20 min of hypoxia. The no-flow experiments gave similar results: both during normoxic and 
hypoxic incubation of tubules in chamber B, rhodamine 123 fluorescence remained 
constant (0.01 ±0.12 and 0.73 ± 0.09 % loss of initial fluorescence/min for normoxia and 
hypoxia, respectively; 19 and 21 tubules of at least 2 preparations, respectively; NS). In 
contrast, the addition of Oxyrase led to a prompt decrease of rhodamine 123 fluorescence 
levels (7.77 ± 0.52 % loss of initial fluorescence/min; 46 tubules from θ preparations; 
p<0.001 vs normoxic and hypoxic no-flow). The fall in rhodamine 123 fluorescence always 
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Fig 6a and 6b: (a) [Ca2+]| and mitochondrial membrane potential dunng hypoxic superfusion. Tubules were 
loaded simultaneously with fura-2 AM and rhodamine 123 and studied using Digital Imaging Fluorescence 
Microscopy (see also Methods section). The bold line represents the fura-2 ratio and the dotted line the 
rhodamine 123 fluorescence in arbitrary units (a.u ), depicting [Ca2+], and mitochondnal membrane 
potential, respectively. Both signals remained stable dunng the period of hypoxic superfusion. Figure 
represents typical trace of a single rat proximal tubule, (b) [Ca2+], and mitochondnal membrane potential 
dunng anoxia. Tubules were loaded simultaneously with fura-2 AM and rhodamine 123 and studied in a no-
flow Leiden chamber using Digital Imaging Fluorescence Microscopy (see also Methods section). Anoxia 
was induced by the addition of 1.2% Oxyrase. The bold line represents the fura-2 rabo and the clotted line the 
rhodamine 123 fluorescence in arbitrary units (a.u.), depicting [Ca24 and mitochondnal membrane 
potential, respectively. Anoxia induced a collapse of the mitochondnal membrane potential and a 
concomitant increase in [Ca2+]¡. Figure represents typical trace of a single rat proximal tubule. 
To check the interdependence of the [Ca2 + ] | signal and the mitochondrial membrane 
potential, we manipulated both parameters separately. The addition of ¡onomycine (10 μΜ) 
to normoxic tubules led to a rapid increase in [Ca 2 + ] ¡ , but did not result in a fall in 
rhodamine 123 fluorescence (fig 7). The anoxia-induced [Ca2+]¡ increase could be blocked 
completely by the addition of EGTA (5 mM), but rhodamine 123 fluorescence still declined 
rapidly (fig 8). The subsequent addition of 10 mM CaCI2 evoked a prompt increase in 
[Ca2+], (fig 8). 
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Fig 7: [Ca2+]i and mitochondnal membrane potentaal (mmp) after addition of lonomycine. Fura-2 and 
rhodamine 123 double-loaded tubules were studied in a no-flow adapted Leiden chamber using Digital 
Imaging Fluorescence Microscopy. The bold line represents the fura-2 ratio and the dotted Tine the 
rhodamine 123 fluorescence in arbitrary units (a.u.), depicting [Ca2+], and mmp, respectively. The addition 
of 10 μΜ юпотусіп led to a rapid increase in [Ca2+], without affecting the mmp. Figure represents typical 
trace of a single rat proximal tubule. 
Fig : [Caz+], and mmp during Ca2+-free anoxia. Fura-2 and rhodamine 123 double-loaded tubules were 
studied in a no-flow adapted Leiden chamber using Digital Imaging Fluorescence Microscopy. Anoxia was 
induced by the addition of 1.2% Oxyrase. The bold line represents the fura-2 ratio and the dotted line the 
rhodamine 123 fluorescence in arbitrary units (a u.), depicting [Ca2+], and mmp, respectively. The increase 
in |Ca2+], observed during anoxia was prevented by the addition of 5 mM EGTA, which had no effect on the 
collapse of the mmp. Addition of 10 mM СаСІг resulted in a rapid increase in [Ca2+],. Figure represents 
typical trace of a single tubule. 
VIABILITY 
Cell death, as assessed by the percentage of PI staining, amounted to 25 ± 2 % (29 
tubules from 2 preparations) after 20 min of normoxic superfusion. Superfusion with 
hypoxic buffer increased mortality to 63 ± 4 % after 20 min (31 tubules from 3 
preparations; Ρ < 0.001 vs normoxic superfusion, unpaired t-test). Unexpectedly, we 
observed major cell injury even in normoxic tubules incubated in the closed chamber. 
Moreover, no differences existed between the number of Pl-stained nuclei of normoxic, 
hypoxic or anoxic tubules after 20 min of incubation (59 ± 5 %, 47 ± 4 % and 45 ± 4 % for 
normoxia, hypoxia and anoxia respectively; at least 38 tubules from 4 preparations; NS). 
Hence, viability of tubules incubated under normoxic no-flow conditions was lower than 
during normoxic superfusion experiments. We performed control no-flow experiments in 
which the normoxic buffer in the chamber was replaced every 5 min with fresh, 
oxygenated, warm buffer. Viability, as assessed by the percentage of Pl-stained nuclei, 
then amounted to 31 ± 4 % (27 tubules from 3 preparations, Ρ < 0.001 vs normoxic no-flow, 
Ρ < 0.05 vs hypoxic and anoxic no-flow), and was comparable to the values obtained with 
normoxic superfusion. The addition of 2 mM glycine to buffer A protected anoxic no-flow 





Although the role of Ca2+ in oxygen-deprivation injury has been debated for many years, 
no consensus has yet been reached as to whether cytosolic Ca2+ levels ([Ca2+]|) actually 
increase during hypoxia. So far, increases in [Ca2+]| (8,9,17) as well as stable levels (11) 
have been reported. Takano et al (7) demonstrated that differences in the level of hypoxia 
influenced total cell Ca2+. Based on these data a hypothesis was put forward (7,12,13), 
suggesting that changes in total cell Ca2+ and [Ca2+]| could be dependent on the 
mitochondrial energy state. 
Based on this concept we have studied the changes in [Ca2+]| under hypoxic and anoxic 
conditions, and related these changes to alterations in the mitochondrial membrane 
potential. To this end, freshly-isolated rat proximal tubules were loaded with fura-2 AM, 
rhodamine 123 and propidium iodide, to measure [Ca2+]|, mitochondrial membrane 
potential and cell death, respectively. NADH fluorescence was measured in unloaded 
tubules as a quick and reliable measure of the impairment of oxidative phosphorylation, 
i.e. of hypoxia (8). 
Using a superfusion system with gas-tight tubing, we were able to achieve hypoxia as 
revealed by an increase in NADH fluorescence. Although this degree of hypoxia was 
severe enough to cause cell death, [Ca2+]| was not affected. The superfusion setup did 
not allow measurements at complete anoxic conditions. Pilot studies using a very 
sensitive 02-electrode (M.G.S., Riel, Germany) showed that the 02-tension during 
hypoxic superfusion in the chamber was between 5.5 and 6.5 mm Hg. To achieve anoxia 
we used a closed chamber and no-flow conditions. Anoxia was established by using the 
commonly accepted enzyme system Oxyrase (3,17), which consumes oxygen and 
causes complete anoxia within minutes. In this closed chamber no increase in [Ca2+]¡ 
occurred when Oxyrase was omitted, a situation similar to the hypoxic superfusion. 
However, after addition of Oxyrase we observed rapid increases in [Ca2+]|. This elevation 
in [Ca2+]| preceded and was not caused by cell death, since reoxygenation of the anoxic 
tubules resulted in a rapid return to basal [Ca2+], levels. To exclude possible artifacts due 
to leakage of fura-2 under no-flow conditions, we performed two sets of control 
experiments. First, the established cytoprotective agent glycine (19,20) was used under 
anoxic no-flow conditions. Glycine (2 mM) prevented cell death, but had no effect on the 
increase in [Ca2+]|. Second, mere reoxygenation of anoxic tubules without reperfusion 
also resulted in a return to basal [Ca2+]|, thus showing that wash-out of leaked fura-2 is 
not responsible for the observed decrease in [Ca2+]|. Altogether, these data clearly 
demonstrate a difference in [Ca2+]| handling between hypoxic and anoxic tubules. 
Subsequently, we studied the relation between changes in [Ca2+]| and the mitochondrial 
membrane potential. To this end, proximal tubules were loaded simultaneously with fura-2 
AM and rhodamine 123. Under normoxic and hypoxic conditions only a very slow loss of 
rhodamine 123 fluorescence was observed. However, when Oxyrase was added, 
rhodamine 123 fluorescence rapidly decreased, representing a collapse of the 
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mitochondrial membrane potential. Such a decrease in rhodamine 123 fluorescence 
always coincided with an increase in [Ca2+]|. 
Thus, our data not only demonstrate differences in Ca2+ handling between hypoxic and 
anoxic tubules, but also show a correlation between [Ca2+]| and the energetic state of the 
mitochondria. We propose that during hypoxia mitochondria remain energized and thus 
capable of accumulating Ca2+, whereas anoxia results in complete de-energization of the 
mitochondria and hence loss of their ability to retain Ca2+. As a consequence, anoxia, in 
contrast to hypoxia, causes an increase in [Ca2+]¡, which is in line with previous 
speculations (7,12,13). 
High levels of [Ca2+]| are reported to be deleterious for mitochondrial functioning (21). 
Consequently, it should be considered that a high level of [Ca2+]¡ itself might provoke a 
collapse of the mitochondrial membrane potential. Therefore, we have performed several 
control experiments. The addition of ionomycine to normoxic tubules resulted in a rapid 
increase in [Ca2+]¡. In contrast, rhodamine 123 fluorescence levels showed the same slow 
decrease which is characteristic for normoxic and hypoxic tubules. Thus, an increase in 
[Ca2+]| per se does not influence the mitochondrial membrane potential. Also, we added 
the Ca2+-chelating agent EGTA together with Oxyrase. No increase in [Ca2+]¡ was 
observed, but rhodamine 123 fluorescence still decreased remarkably quick, again 
indicating that the collapse of the mitochondrial membrane potential occurs independently 
of a rise in [Ca2+]|. The experiments using EGTA confirm previous evidence (8) that 
increases in [Ca2+]| during anoxia result from Ca2 + influx from the extracellular 
compartment. 
Several observations made in this study may help to explain the conflicting data reported 
in the literature. First, it has become clear that complete anoxia is very difficult to achieve 
in a superfusion system. Even though gas-tight tubing was used and the fluid in the 
chamber was continuously gassed over with 95%N2/5%C02, 02-tension in chamber A 
could not be brought below 5.5 mm Hg. The only group that observed [Ca2+]¡ increases 
during hypoxic superfusion of rat proximal tubules is situated in Denver (8), where the 
atmospheric pressure is considerably lower. Jacobs et al (11 ), who measured rabbit 
proximal tubules in perfused cuvettes, reported stable [Ca2+](, which is in line with our 
hypoxic experiments. These authors referred to their experiments as "anoxic", and 
defined anoxia by an increase in NADH-fluorescence. However, the present study shows 
that NADH accumulation is not a useful indicator of anoxia, since NADH fluorescence also 
increased during hypoxia. Altogether, it is very likely that the apparently conflicting data 
reported in the literature relate to differences in severeness of oxygen deprivation. From 
our data we cannot derive an exact relationship between increases in [Ca2+]¡ and the 
prevailing Po2-value. Future experiments should be directed at measuring Po2 more 
precisely in superfusion systems. 
In view of the cell injury that occurred in the closed chamber even during normoxia, we can 
not draw conclusions on the role of [Ca2+]¡ in inducing lethal anoxic cell injury. A detailed 
discussion of this aspect is, however, beyond the scope of our paper. We may conclude 
49 
Chapter 3 
that [Ca2+]¡ does not play a role in hypoxic injury, since hypoxia resulted in increased 
propidium iodide staining, despite low and stable levels of [Ca2+]|. Therefore, other 
mechanisms must be responsible, as has been suggested before (6,8-10). The addition of 
glycine during anoxia protected tubules despite increases in [Ca2+]|. This confirms studies 
demonstrating that glycine protects renal tubules independently from changes in [Ca2+]| 
(22,23). Further studies using improved superfusion techniques that enable anoxic 
superfusion will be required to unravel the role of Ca2+ in anoxic renal injury. 
In conclusion, we present the first simultaneous observations of [Ca2+]¡ and mitochondrial 
membrane potential in individual rat proximal tubules during hypoxia and anoxia. 
Superfusion experiments showed that the achieved level of hypoxia was severe enough to 
increase NADH levels rapidly and cause cell death, while both [Ca2+]| and the 
mitochondrial membrane potential remained stable. Anoxia induced a simultaneous loss of 
the mitochondrial membrane potential and an increase in [Ca2+]|. Thus, this study not only 
demonstrates differences in Ca2+ handling between hypoxic and anoxic tubules, but also 
shows a correlation between these differences and the energetic state of the 
mitochondria. We propose that during hypoxia energized mitochondria are capable of 
accumulating Ca2+, whereas completely de-energized anoxic mitochondria loose their 
ability to retain Ca2+, which results in a rapid increase in [Ca2+]|. 
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Abstract 
Hypoxia decreases calcium influx into rat proximal tubules. Renal ischemia results in ATP-
depletion, particularly in cells of the proximal tubule (PT), which rely heavily on oxidative 
phosphorylation for energy supply. Lack of ATP leads to a disturbance in intracellular 
homeostasis of Na+, K+ and Ch Also, cytosolic Ca 2 + levels in renal PTs may increase 
during hypoxia (1 ), presumably by a combination of impaired extrusion and enhanced 
influx (2). However, Ca 2 + influx was previously measured using radiolabeled Ca2 + and at 
varying partial oxygen tension (2). We have now used Mn2+-induced quenching of fura-2 
fluorescence to study C a 2 + influx in individual rat PTs during normoxic and hypoxic 
superfusion. Normoxic Ca 2 + influx was indeed reflected by the Mn2+ quenching of fura-2 
fluorescence and this influx could be inhibited by the calcium entry blocker 
methoxyverapamil (D600) (inhibition 50 ± 2 % and 35 ± 3 % for 10 and 100 μΜ, 
respectively). La 3 + completely blocked normoxic Ca2 + influx. Hypoxic superfusion of rat 
PTs did not induce an increase in Ca 2 + influx, but reduced this influx to 79 ± 3 % of the 
normoxic control. We hypothesize that reducing Ca2 + influx during hypoxia provides the 
cell with a means to prevent cellular Ca 2 + overload during ATP-depletion, when Ca 2 + 
extrusion is limited. 
Key words: manganese-quenching, calcium influx, renal hypoxia 
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Introduction 
Renal ischemia could, theoretically, disturb intracellular free Ca 2 + by impairing C a 2 + 
extrusion and by promoting influx of Ca 2 + . Evidence for an increased Ca 2 + influx during 
renal ischemic periods was obtained from experiments with calcium channel blockers 
(CCBs), which were protective against ischemic injury both in vivo (3,4,5) and in vitro 
(2,6,7,8). However, the protective effects of CCBs were often not related to Ca2+ entry 
blocking properties, but to their vasodilatory, diuretic, antiperoxidant or lipophilic 
properties (5,8,9) and to interactions with K+ channels (10,11). More direct evidence for an 
increase in Ca 2 + influx during hypoxia was provided by Almeida et al., who showed that 
hypoxia and anoxia increased 4 5 Ca 2 + influx in suspensions of rat proximal tubules (PTs) 
(2). Both verapamil and flunarizine inhibited this increase and concomitantly prevented 
cell injury, as assessed by the release of LDH. Furthermore, uptake of 45fJa2+ by LLC-MK2 
cells was increased after 30 minutes of substrate-free anoxia (12). 
Studies with 45Ca2 +, however, preclude to discriminate between Ca2 + binding and Ca 2 + 
influx (12,13). In addition, Ca 2 + uptake experiments are performed in closed systems 
(2,12), in which 0 2 levels decrease continuously, due to the presence of 0 2 consuming 
cells. Recently, we have shown that small changes in 0 2 levels dramatically influence 
cellular Ca 2 + handling in rat PT (14). Finally, 45Ca2 + uptake studies reflect bulk 
measurements and do not provide information at the single cell level. An alternative 
technique to measure Ca2+ influx was introduced in 1985 by Hallam et al. (13) and has 
been used to study Ca 2 + influx in various cell types (e.g. 15,16,17,18). The method is 
based on the assumption that ionized Mn 2 + enters the cell via the same routes as Ca 2 + , 
and once inside, binds to fura-2, resulting in fluorescence quenching. 
In the present study we report the first assessment of Ca 2 + influx into individual rat PT 
cells during normoxic and hypoxic superfusion, using Mn2+-induced quenching of fura-2 
fluorescence. Indeed, normoxic Ca 2 + influx was detectable and could be inhibited by 
various blockers. Most importantly, hypoxic superfusion decreased instead of increased 
Ca2+ influx. 
Materials & Methods 
ISOLATION OF RAT PROXIMAL TUBULES 
Proximal tubules (PTs) were isolated from male Sprague-Dawley rats weighing 200-250 g 
as previously described in detail (14) and kept on ice in modified KHB, containing (in mM): 
D-glucose 5; MgS04 1; NaCI 106; NaHC03 20; KCl 5; NaH2P04 2; Hepes 10; CaCI2 1; 
l-glutamine 1; η-butyric acid 1; l-lactic acid 1. Glycine (2 mM from a 400 mM stock solution 
in water) was added to preserve the PTs till the start of the experiments. 
EXPERIMENTAL SETUP 
Loading of the PT occurred as described previously (14). Briefly, 100 μΙ PT suspension 
was pipetted on a Celltak (Collaborative Biomedical Products, Bedford, MA, USA) coated 
coverslip and diluted 1:1 with loading buffer, leading to a final concentration of 10 μΜ 
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fura-2 AM (Molecular Probes, Eugene, OR, USA), 0.025% (w/v) pluronic F127 (Molecular 
Probes, Eugene, OR, USA, from a 25% (w/v) stock solution in dry DMSO), 3 mM 
probenecid (Sigma, St. Louis, MO, USA, from a 0.5 M stock solution in 0.5 N NaOH) and 
2 mM glycine (from a stock solution of 400 mM in water) in KHB. PT were loaded for 30 min 
at 24°C in a customized Leiden chamber (1,14), while being gassed with 95%02/5%C02. 
Evaporation was avoided by leading the gas through a water containing bottle. After 
loading, the chamber was mounted on the stage of a Nikon Diaphot inverted microscope, 
which was connected via a CCD camera to the MagiCal system (Joyce Loeble, Tyne & 
Wear, UK). The MagiCal system has been extensively described by Neylon ef a/(19). The 
Leiden chamber allowed for controlled superfusion, containing specific in- and outlets for 
gassing, fluid and thermometer. Temperature was controlled by heating the incoming 
perfusate by means of a water coat. 
EXPERIMENTAL PROTOCOL 
Experiments were started by flushing the chamber with normoxic (95%Оэ/5%С02) KHB for 
5 min (2.5 min room temperature, 2.5 min 37'C), followed by 6-9 min equilibration with 
normoxic (95%02/5%C02) or hypoxic (95%N2/5%C02) KHB. The perfusate did not 
contain glycine. After equilibration measurements were started, comprising three or four 
superfusion phases: 1) normoxic or hypoxic control, 2) if appropriate, control + addition, 3) 
as 2) but supplemented with 0.1 mM MnCI2, 4) normoxic or hypoxic control. Each phase 
was recorded for 2 to 4 min. The perfusate was pumped through Viton tubing (Rubber BV, 
Hilversum, The Netherlands) into the chamber. The fluid in the chamber was gassed over 
with the appropriate gas mixture. Superfusion with hypoxic solution and gassing with 
95%N2/5%C02 in the chamber led to a P0 2 of 5.5-6.5 mm Hg in the chamber, as described 
previously (14). Dynamic video imaging was carried out with the MagiCal hardware and the 
TARDIS software provided by Joyce Loebl (Tyne & Wear, UK) (20). Fura-2 loaded PT were 
excited alternately with 340 nm and 380 nm. The emitted light was filtered through a 490 
nm filter and captured by a CCD camera. Neutral density filters were used to diminish 
bleaching. NADH fluorescence was measured at 340 and 380 nm excitation and 490 nm 
emission using unloaded PTs. 
MN2+ QUENCHING OF FURA-2 FLUORESCENCE 
The quenching method is based on two unique properties of the M n 2 + ¡on. First, Mn2+ 
competes with Ca2+ for entry into cells. Secondly, once inside the cell, Mn2+ binds to fura-
2 with a higher affinity than Ca2+ and quenches fura-2 fluorescence (13). The Mn2+-
induced quenching rate was analyzed at the level of single PT as summarized in figure 1. 
First, the 340 and 380 nm fluorescence signals were added to obtain a Ca2+-insensitive 
fura-2 fluorescence signal (fig 1A), as previously described in detail (21,22). Secondly, 
the decline in Ca2+-insensitive fura-2 fluorescence in time due to photo bleaching and dye 
leakage was fitted to a single exponential curve using the data points of the control 
superfusion phase. The calculated decay rate constant was used to correct the original 
signal as described previously by Muallem et al. (21) (fig 1B). Thirdly, the corrected Ca2+-
insensitive fura-2 fluorescence values obtained during the entire experimental period were 
normalized to the average value obtained during the control superfusion phase in order to 
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take into account variable loading levels of the different cells (fig 1C). Fourthly, after 
addition of M n 2 + the initial data points were fitted by linear regression and the slope was 
subsequently presented as a positive value in arbitrary units per min (AU.min-1) and taken 
as a measure for the rate of Ca2+ influx under the different experimental conditions (fig 
1D). 
Fig 1 : Mn2+-mduced quenching of fura-2 
fluorescence as a measure of Ca 2+ influx in 
^ isolated rat proximal tubules. Fura-2 loaded 
rat PT were supervised with modified KHB 
at 37'C in an adjusted Leiden chamber (see 
Methods). The fluorescence signals were 
analyzed simultaneously in 7 individual PTs 
with the MagiCal system The fluorescence 
emission intensities at 492 nm after 
intermittent excitation at 340 and Э 0 nm 
were added as a measure for the Ca2+ 
insensitive fluorescence (A) and corrected 
for photobleaching, dye leakage (B) and 
variable loading of the individual cells (C) 
At the indicated point, MnCfe containing KHB 
entered the superfusion chamber. 
Subsequently, the Mn2+ induced quenching 
rate was calculated by a linear fit of 5-15 
points measured within 60 sec (open 
symbols, D). In the Result section, the 
calculated slope is presented as a positive 
value and taken as a measure for Ca 2+ 
influx. The figure represents a typical 
experiment 
2 4 6 θ 
Time (mm) 
STOCK SOLUTIONS AND CHEMICALS 
Stock solutions of D600 were made freshly as a 100 mM stock solution in 96% ethanol. 
La3 + was added from a 100 mM LaCI3 stock solution in destilled water. All chemicals were 
of the purest grade and obtained from Sigma (St. Louis, MO, USA) or Merck (Darmstadt, 
Germany) unless indicated otherwise. 
STATISTICS 
All data are expressed as means ± SEM. Statistical analysis was performed using a paired 
t-test or analysis of variance (ANOVA) with the Student-Newman Keuls post-hoc test 
using INSTAT software (Graphpad Corp, San Diego, CA, USA). A Ρ value below 0.05 is 
considered significant. 
Results 
CONCENTRATION-DEPENDENT QUENCHING OF FURA-2 FLUORESCENCE 
The concentration dependence of fura-2 fluorescence quenching by extracellularly added 
Mn2 + was determined in normoxic tubules. Mn 2 + provoked a dose-dependent quenching of 
total fura-2 fluorescence (figure 2). In all subsequent experiments an intermediate 
concentration of 0.1 mM MnCI2 was used, which allowed detection of both increases and 
decreases of the M n 2 + influx. For comparison, Mn2+-induced quenching of fura-2 
fluorescence was in the same order of magnitude as determined previously by us in 





Fig 2: Concentration dependent Mn2+ 
quenching of fura-2 fluorescence. Fura-2 
loaded tat PT were supervised with buffer 
containing different concentrations of MnCfe 
in an adjusted Leiden chamber. 
Fluorescence was measured with the 
MagiCal system (see Methods) and 
presented as arbitrary units (a.u.). Mn2+ 
induced fura-2 fluorescence decay was 
dose-dependent. Data are expressed as 
mean ± SEM of at least 12 tubules from 2 
different preparations. 
EFFECT O F CALCIUM CHANNEL BLOCKERS ON QUENCHING 
Previous studies in our laboratory have shown that the calcium channel blocker (CCB) 
methoxyverapamil (D600) prevented anoxia-induced increases in cytosolic free C a 2 + in 
freshly-isolated and cultured rabbit PT cells (6, 24). In the present study, normoxic C a 2 + 
influx into rat PT was inhibited by 10 and 100 μΜ D600 to 50 ± 2 % and 35 ± 3 % of the 
normoxic control, respectively, and was completely blocked by 100 μΜ La3+ (-7 ± 1 1 %, 
figure 3). We have shown previously that the dihydropyridine CCB felodipine provided 
protection against hypoxic injury in isolated rat PT (β). In the present study, however, the 
effect of felodipine on Ca 2 + influx could not be investigated, since this blocker interfered 
with the measurements at the used excitation wavelengths due to autofluorescence. 
120 
norm 
Fig 3: Inhibitor! of basal Ca2+ influx by 
calcium channel blockers and hypoxic 
superfusion. Fura-2 loaded rat PT were 
superfused with KHB in an adjusted Leiden 
chamber and fluorescence was measured 
with the MagiCal system (Methods). Fura-2 
fluorescence was quenched with 0 1 mM 
МпСІг during normoxic (norm) or hypoxic 
(hyp) superfusion, which was used as a 
measure for Ca2+ influx. The effect of 
vanous calcium entry blockers was studied 
in normoxic KHB. Methoxyverapamil 
(D600) inhibited normoxic Mn2+ quenching 
of fura-2 fluorescence at a concentration of 
10 μΜ (10D) and 100 μΜ (100D). 
Lanthanum, added ata concentration of 100 
μΜ LaCIa (La), completely blocked Mn2+-
mduced quenching Data are given as the 
percentage of the normoxic control and are 
expressed as mean ± SEM of 23 to 89 
tubules from 3 to 11 different preparations. * 
Ρ < 0.05 vs normoxic control. 
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E F F E C T O F H Y P O X I C S U P E R F U S I O N 
Hypoxic superfusion decreased Mn2+-induced quenching of fura-2 fluorescence to 79 ± 
3% (figure 3). To validate hypoxic conditions, NADH fluorescence was measured. 
Impairment of the oxidative phosphorylation leads to accumulation of the electron donor 
NADH, which can be measured as a change in fluorescence at 340 and 360 nm excitation 
and 490 nm emission. When PT were perfused with hypoxic buffer instead of normoxic 
buffer, NADH levels rapidly increased and were reversible upon reoxygenation (figure 4). 
Previous studies using this experimental setup have shown that hypoxic superfusion 
leads to increased cell death, as assessed by propidium jodide staining (14). This could 
affect basal fluorescence decay by increased leakage of the probe. Therefore, in a set of 
hypoxic experiments superfusion was reversed to Mn2+-free buffer after superfusion with 
Mn2+-containing KHB, and fluorescence decay was compared to the initial baseline. As 
shown in figure 5, no change in fluorescence decline was observed after hypoxic 


























fig 4: Hypoxic superfusion induces reversible NADH increase. Unloaded rat PT were su perfused in an 
adjusted Leiden chamber and autofluorescence was measured with the MagiCal system (see Methods) and 
presented in arbitrary units (a.u.). PT were excited at 340 nm and 3Θ0 nm and emission was captured at 490 
nm NADH rapidly increased upon hypoxic superfusion and returned to basal levels after reoxygenation 
The effect of superfusion with 0.1 mM МпСІг containmgbuffer on NADH autofluorescence was negligible. 
The figure is the representative response of a single rat PT 
Fig 5: Hypoxia does not influence baseline Mn 2+-induced fura-2 fluorescence decay Fura-2 loaded rat PT 
were superfused in an adjusted Leiden chamber and fluorescence was measured with the MagiCal system 
(see Methods) and presented in arbitrary units (a.u ). Hypoxic superfusion with KHB was followed by 
superfusion with 0.1 mM Mn2+ containing KHB forme short duration indicated in the figure. Superfusion was 
reversed to Mn2+ free KHB to determine hypoxia-induced changes in the basal fura-2 fluorescence decline 
during the experiment The Mn2+ independent decrease in fura-2 fluorescence before and after the Mn2+ 
quenching period was identical The figure is a typical response of a angle rat PT. 
D i s c u s s i o n 
The present study shows that hypoxic superfusion of freshly-isolated rat PTs decreases 
Ca2+ influx as assessed by the Mn2+-induced quenching of fura-2 fluorescence, when 
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compared to normoxic controls. However, the mechanism by which Ca2+ enters the cells 
and how influx is affected by hypoxia remains unknown. The presence of voltage-
dependent Ca2+ channels has been suggested, but has not been proven conclusively. 
McCarty and O'Neil showed that a reduction of Ca2+ ¡n the bath solution from 1 mM to 1 μΜ 
immediately reduced cytosolic free C a 2 + in microdissected rabbit PTs, revealing the 
existence of basal Ca 2 + fluxes (25). Furthermore, these authors demonstrated that basal 
C a 2 + influx occurred through a verapamil-sensitive, but dihydropyridine-insensitive 
pathway (26). Swelling activated a dormant, dihydropyridine-sensitive Ca2 + entry pathway 
(25,26). Using the patch-clamp technique, Zhang et al. recently identified a nifedipine-
sensitive PKC-regulated Ca 2 + channel with modest voltage sensitivity in the apical 
membrane of cultured rabbit proximal tubular cells (27). Also, the presence and 
localization of L-type Ca 2 + channels was analyzed in rat kidney using a [3H]-nicardipine 
binding assay (28). The highest density of binding sites was localized to the tubular parts 
of the nephron, including the PT. Preliminary evidence from binding studies with the 
phenylalkylamine desmethoxyverapamil to basolateral membranes of PTs also hinted at 
the presence of L-type C a 2 + channels (Bindels, unpublished observations). Also, the 
inhibition of anoxia-induced increases in cytosolic free Ca2 + by D600 (methoxyverapamil) 
in cultured and freshly-isolated rabbit proximal tubular cells (6,24) suggested the 
presence of L-type Ca 2 + channels in renal PTs. Thus, the existence of L-type or related 
Ca2 + channels in the plasma membranes of PT is very likely, although their characteristics 
may be quite different from those present in excitable cells. In the present study basal 
Ca2 + influx as assessed by Mn2+-induced fura-2 quenching was inhibited by D600 and by 
La3+. 
When Ca 2 + channels are present in PTs, hypoxia could influence their activity either by 
changes in channel conformation, altered phosphorylation, or by endocytosis of 
channels, which would all lead to a reduced Ca2 + influx. Hoehner ef a/. (29) showed that 
dihydropyridine binding to L-type Ca2+ channels in cerebral cortex increased after only a 
few min of global ischemia and decreased thereafter, indicative of a functional adjustment 
of Ca2+ channels during ischemia. Generation of reactive oxygen species by 
dihydroxyfumarie acid resulted in a decreased C a 2 + current and in a corresponding 
reduction of dihydropyridine binding sites in isolated myocytes (30). Although L-type Ca 2 + 
channels respond to depolarization by an increase in Ca2+ influx, several studies describe 
an inhibitory effect of depolarization on Ca 2 + influx via a non-voltage-gated entry pathway 
(e.g. 31,32,33). Thus, depolarization caused by hypoxia could provide a trigger for 
decreased C a 2 + influx. In this respect, the Ca2 + channel described by Zhang et al. in 
cultured PT cells was inactivated on strong depolarization (27). The inhibitory effects of 
D600 on Ca 2 + influx might be related to this finding: at high concentrations the lipophilic 
CCB interacts with K+ channels and causes depolarization (10,11 ). 
Only few reports have appeared describing Ca2 + influx measurements in hypoxic renal 
tissue. Almeida et al. (2) used freshly isolated rat PTs in suspension and subjected those 
cells to hypoxia and anoxia. These authors reported an increased Ca2 + influx after 10 min 
of both hypoxic and anoxic incubation, which could be inhibited by verapamil and 
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flunarizine (2). Both 02-depleting conditions led to enhanced cell death, which was 
prevented by the CCBs. In a model of cultured monkey kidney cells, LLC-MK2 cells, 
Snowdowne ef al. (12) studied Ca2 + in- and efflux, [Ca2 +]| and intracellular ATP-levels 
during substrate-free anoxia. Ca2 + efflux increased in correlation with elevated [Ca2 +]| 
levels and with increased Ca2 + influx. However, the use of cultured cells in 02-deprivation 
studies is rather controversial, since the process of cell culturing induces loss of cellular 
transport functions and gain of glycolytic capacity, which leads to a lower sensitivity of 
cultured cells to 02-deprivation (24,34 and unpublished observations). In LLC-MK2 cells 
ATP decreased to 15% of the control value after 1 h of anoxia (-0,15 mM ATP), whereas 
freshly isolated rabbit and rat PT are rapidly depleted of ATP (7,35,36). In view of the low 
KQ.5 for ATP of the plasmalemmal Ca2+-ATPase (16 to 23 μΜ in liver, pancreas and brain 
plasmalemma, 37,38,39), it is likely that maintenance of ATP-dependent Ca 2 + efflux is 
possible in cultured cells, but not in freshly isolated hypoxic PTs. This issue remains 
speculative because experimental tools to directly investigate intracellular ATP levels or 
calcium efflux rates in superfusion systems are lacking. The development of new 
experimental tools, such as the use of Mag-fura as a measure for intracellular ATP, may 
prove to be very helpfull for further research in this field. We have used the best available 
alternative to monitor the cellular metabolic condition of the tubules during hypoxia: NADH 
autofluorescence. The immediate increase in NADH fluorescence after the onset of 
hypoxic superfusion points to a rapid impairment of oxidative phosphorylation. The 
presence of Mn 2 + had no effect on NADH accumulation. 
In the above mentioned studies *5Ca2+ was used to assess Ca 2 + influx. This method, 
however, does not allow to discriminate between Ca 2 + influx and binding (12,13). Pilot 
studies revealed that all studied agents that prevented hypoxia-induced cell death 
concomitantly inhibited enhanced 45Ca2+-uptake (Wetzels, unpublished observations). 
Other experimental differences may also be crucial. We have previously shown that 
[Ca2 +]| during 02-deprivation is controlled by the ambient P0 2 (14). The
 45Ca2+-uptake 
experiments with rat PTs (2) were performed in closed flasks, which precludes 
maintenance of a constant P0 2 due to the presence of 02-consuming cells. Therefore, the 
present study has been performed in a controlled superfusion chamber, with a P0 2 of 
5.5-6.5 mm Hg (14), which remained constant throughout the experiment. Under these 
conditions, Ca 2 + influx was inhibited by hypoxia. This finding is in line with previous 
observations that 30 min of hypoxic superfusion under the same experimental conditions 
had no effect on [Ca2+]¡, as reflected by a constant fura-2 ratio, despite enhanced cell 
death (14). Only complete anoxia resulted in an increase in [Ca2+]¡ (14). The assessment 
of calcium influx during anoxia would, therefore, be very interesting. Unfortunately, anoxia 
could only be achieved by the use of oxyrase in a closed chamber, which precludes the 
use of Mn2 + to quench fura-2 fluorescence. The development of superfusion systems in 
which oxygen levels can be strongly reduced in a highly controllable fashion would, 
therefore, be very valuable for this field of research. 
In conclusion, the present study shows that Ca2+ influx into rat PTs can be measured 
under controlled superfusion conditions using the Mn2+ quenching method. Normoxic 
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influx is blocked by established Ca2+ entry blockers. Importantly, hypoxia leads to a 
decreased Ca2+ influx. This could reflect a physiological feedback system, adding to the 
maintenance of Ca2+ homeostasis after ATP-depletion-induced impairment of Ca2+ 
extrusion. 
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Glycine protection against hypoxic injury in isolated rat proximal tubules: the role of 
proteases. 
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Chapters 
Abstract 
Isolated rat proximal tubules are frequently used as a model to study hypoxic injury. 
Glycine is a very effective protective agent against hypoxia-induced cell injury in this 
model. The mechanisms involved in hypoxic renal injury and glycine protection are still 
debated. We have focussed on the role of proteolytic enzymes. Isolated rat proximal 
tubules in suspension were gassed with either 95%02/5%C02 or 95%N2/5%C02 to create 
normoxic or hypoxic conditions. Cell injury was assessed by the release of LDH. Activity 
of proteolytic enzymes was measured by quantifying the release of fluorescent 7-amino-4-
methylcoumarin from specific substrates, which were added to tubules in suspension or to 
cytosolic fractions of permeabilized tubules. Fifteen minutes of hypoxia caused cell injury, 
which was completely prevented by glycine. Activities of serine-, aspartate-, and the 
calcium-dependent cysteine protease calpain were increased in these hypoxic tubules in 
suspension, but only calpain activity was attenuated by glycine. Cytosolic fractions 
obtained by digitonin-permeabilisation of hypoxic (15 min) tubules showed increased 
proteolytic activity of all measured classes of proteases and glycine prevented these 
increases. In measurements performed at an earlier time point (7.5 min) neither changes in 
calpain activity nor effects of glycine were detected. Calpain activity was not inhibited 
directly by glycine. Hypoxia increases the activity of several classes of proteases. The 
effects of glycine on protease activation are equivocal, and may merely reflect the 
potential of glycine to prevent hypoxia-induced lethal membrane injury. 
Key words: calpain, cell injury, glycine, hypoxia, protease 
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Introduction 
Hypoperfusion of the kidney results in ischemia and is a major cause of acute renal failure. 
In recent years, several groups have tried to delineate the mechanisms involved in 
ischemic renal injury using experimental animal models and cell culture techniques 1 . It 
has been demonstrated that the small amino acid glycine affords profound protection 
against in vitro cell injury. In isolated rat and rabbit proximal tubules glycine strongly 
reduced the damage caused by various injurious processes e.g. hypoxia 2<3, ouabain 4 , 
metabolic inhibitors 5, ionomycin 6, and phosphate depletion 7. In the isolated perfused 
kidney glycine diminished the deterioration of renal function 8 · 9 . The mechanism by which 
glycine protects is not known, however. Apparently, protection is not related to glycine 
metabolism, maintenance of cellular ATP, potassium or calcium levels, alterations in 
intracellular pH, prevention of activation of phospholipases or removal of free fatty acids 
2,3,6,10-13. 
In recent studies it has been suggested that proteolytic enzymes play a role in hypoxia-
induced cell injury and, therefore, inhibition of these proteases could be part of the 
protective effect of glycine. In general, four major classes of proteolytic enzymes are 
recognized based on either the amino acid present at the active site (cysteine-, serine-, 
aspartate proteases) or the necessity of a metal ion as a cofactor (metallo proteases). 
The four major classes comprise virtually all proteases characterized up to date, and form 
very heterogeneous groups 14. Since all cellular proteins are potential substrates for 
proteolytic enzymes, an increase in protease activity could result in partially degraded cell 
structures. Thus far, however, data on altered proteolytic activities during hypoxic insults 
are limited. In anoxic rat hepatocytes an increase in the activity of a pH-dependent non-
lysosomal proteolytic activity was reported by Bronk ef al.15. In subsequent studies, it 
was demonstrated that glycine inhibited protease activity. In livers stored on ice, glycine 
inhibited metallo- and aspartate protease activity, whereas in hepatocytes exposed to 
anoxia inhibition of a calcium-dependent non-lysosomal protease activity was observed 
16.17. in rat proximal tubules, Edelstein er al. recently demonstrated that hypoxia induced 
an increase in activity of a calcium-dependent cysteine protease 1 θ. These authors also 
provided evidence that activation of this particular protease plays an important role in cell 
injury. 
In order to study the mechanisms involved in hypoxic cell injury and glycine protection, we 
have investigated the effect of hypoxia on different classes of proteolytic enzymes in 
isolated rat proximal tubules. In addition, the effect of glycine on the activity of these 
enzymes was studied. 
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Subjects And Methods 
PREPARATION OF ISOLATED PROXIMAL TUBULES 
Suspensions of renal proximal tubules were prepared by methods previously described 
3.19. Male Sprague-Dawley rats (approximately 200-250 grams of body weight) were 
anesthetized with sodium pentobarbital (60 mg/kg body weight i.p.) and the kidneys were 
flushed with 40 ml of an ice-cold oxygenated (95%02/5%C02) heparin solution ( 1 % of a 
5000 IE/ml heparin (Organon, Oss, The Netherlands) in buffer A, which contains (in mM): 
NaC1112, NaHC03 20, KCl 5, CaCI2 1.6, Na2HP04 2.0, MgS04 1.2, Glucose 5, HEPES 10, 
mannitol 10, l-glutamine 1, sodium butyrate 1 and sodium lactate 1). Buffer A is adjusted 
on ice to pH ~ 7.05, which results in a pH - 7.3 at 37"C. Perfusion was continued with 30 ml 
of ice-cold buffer A containing 10 mg collagenase (type A, Boehringer, Almere, The 
Netherlands) and 25 mg Hyaluronidase (Boehringer, Almere, The Netherlands). After 
perfusion, the kidneys were decapsulated, removed and transferred to ice-cold buffer A. 
The renal cortices were removed and minced on a cold petri dish. After three washes the 
tissue was incubated in a 200 ml Erlenmeyer flask for approximately 30 min in 60 ml of 
oxygenated buffer A containing 20 mg collagenase and 15 mg hyaluronidase at 37'C in a 
shaking waterbath. Every 10 minutes the supernatant, containing digested fragments, 
was removed from the solution and centrifuged for 1 min at 50*g. The supernatant was 
returned to the Erlenmeyer and the pellet containing tubular fragments was incubated in 30 
ml ice-cold oxygenated buffer A containing 1 gram albumin (Albumin fraction V fatty acid 
free, Boehringer Mannheim Almere, The Netherlands). At the end of the 30 min digestion 
the remaining tissue was washed and incubated for 10 min in the albumin-containing 
buffer. Then the fragments were passed through a tea-strainer and washed to remove the 
albumin. Proximal tubules were purified using a Percoll-gradient 2°. After centrifugaron in 
a Sorvall RB-5B centrifuge (10 min, 14000*g, 4*C) proximal tubules were recovered from 
the lowest band, which contained no glomeruli, and was composed primarily (95%) of 
proximal tubules. The tubules were washed three times to remove the Percoli, and were 
subsequently suspended in a 200 ml Erlenmeyer flask in ice-cold oxygenated buffer B, 
which contained (in mM): NaCI 106, NaHC03 20, KCl 5, CaCI2 1, Na2HP04 2, MgS0 4 1, 
Glucose 5, HEPES 10, l-glutamine 2, sodium butyrate 10, and sodium lactate 4. Buffer В 
had been set to pH ~ 7.15 on ice, leading to a pH of 7.4 at 37"C. The suspension was 
gassed on ice for 5 min with 95%02/5%C02. The flask was then capped with a rubber 
stopper and warmed up gradually (10 min at room temperature, 10 min at 37'C). Tubules 
were centrifuged and resuspended in warm, oxygenated buffer B, in some experiments 
containing the specific substrates or the appropriate vehicle. Aliquots (usually 6 ml, 
containing typically 1.5 - 3.0 mg protein/ml) were placed in siliconized Erlenmeyer flasks 
(25 ml) and experiments were started by gassing the individual flasks with either 
95%Ог/5%С02 (normoxia) or 95%Мг/5%С02 (hypoxia) in a shaking waterbath at 37'C. 
After 5 min the flasks were sealed. 
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MEASUREMENT OF PROTEASE ACTIVFTY 
The activity of the different classes of proteases was assessed using specific cell-
permeant protease substrates, which were succinyl-peptidyl-7-Amino-4-MethylCoumarin 
derivatives. Proteolytic hydrolysis of the peptidyl-7-amino bond causes the release of the 
highly fluorescent 7-Amino-4-MethylCoumarin (AMC) 15. Fluorescence was monitored at 
360 nm excitation and 440 nm emission (10 nm band width) in a Shimadzu RF-510 
spectrofluorometer. Proteolytic activity was measured in two experimental set-ups, i.e. in 
situ, measuring the release of AMC from tubules incubated in the presence of the cell-
permeant substrates, and in a cytosolic fraction, in which proteolytic enzymes were set 
free by digitonin treatment of the tubules. The detailed procedures are described below. 
A: MEASUREMENT OF PROTEASE ACTIVITY IN SITU 
Freshly isolated tubules were warmed to 37'C, washed and resuspended in oxygenated 
buffer В at 37"C containing the succinyl-peptidyl-AMC derivatives, which were added from 
a 1000 fold concentrated stock solution in DMSO. The following substrates were used, 
n-succinyl-Ala-Ala-Ala-AMC (10 μΜ) for serine proteases, benzyloxycarbonyl-Arg-Gly-
Phe-Phe-Pro-AMC (10 μΜ) for aspartate proteases, n-succinyl-Leu-Tyr-AMC (10 μΜ) for 
cysteine proteases, n-succinyl-Ala-Ala-Phe-AMC (40 μΜ) for metallo proteases and 
n-succinyl-Leu-Leu-Val-Tyr-AMC (10 μΜ) forcalpain I6.21. When appropriate, glycine was 
added from a concentrated stock solution (400 mM) to a final concentration of 2 mM, a 
concentration which provides maximal protection 3. In view of the high constitutive activity 
of metallo proteases, the substrate for this class of enzymes was added during the last 
5 min of incubation. A control sample to determine background AMC fluorescence was 
taken at the beginning of the incubation. After 15 min samples were taken to measure 
intracellular potassium concentration and release of LDH into the medium (see below). To 
determine the amount of released AMC, protease activity was stopped with 200 μΙ 
4 M perchloric acid (PCA, final concentration 0.36 M) in 2 ml of suspension. The sample 
was kept on ice for 60 min and neutralized with 600 μΙ 4 M K2HP04 (final concentration 
0.86 M). After centrifugation (6 min, 1500*g, 4'C) fluorescence was measured in the 
supernatant. Proteolytic activity was expressed as the amount of AMC released per 
period of time corrected for protein content. Separate experiments were performed to 
calculate the maximal contribution of proteolytic activity in the medium to the total amount 
of AMC released. In these experiments tubules were incubated in the absence of 
substrates and centrifuged after 15 min. The supernatant was recovered, incubated for 
15 min at 37"C with calpain substrate and the release of AMC was measured. Protein 
content of the supernatant was determined and the maximal contribution to total calpain 
activity was calculated. 
в: M E A S U R E M E N T S O F P R O T E A S E А С Т І ГГУ I N C Y T O S O L I C F R A C T I O N S 
Cytosolic fractions were obtained from permeabilized tubules as described by 
Edelstein et al. 1 . Aliquots of proximal tubules (6 - 9 ml) were placed in siliconized 
Erlenmeyer flasks (25 ml) and were incubated under normoxic or hypoxic conditions 
without the substrates. After 15 min the suspension was centrifuged (10 sec, 1500*g, 
4'C), the supernatant was discarded and the pellet was resuspended in calcium-free 
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¡midazole-HCI buffer (containing in mM: 63.2 imidazole, 10 dithiothreitol, 1 EDTA, 
10 EGTA, pH 7.3). This suspension was then incubated with 10 μΜ digitonin (from a 5 mM 
stock solution in ethanol) in a shaking waterbath at 37*C for 5 min. After centrifugaron 
(2 min, 1500*g, 4*C) protease activity was assayed in the supernatant, using the succinyl-
peptidyl-AMC derivatives. The calcium-dependent activity of cysteine- and calpain 
proteases was calculated as the difference between AMC-release in the presence and in 
the absence of 5 mM Ca2 +. Serine- and aspartate protease activity were always measured 
in the presence of 5 mM Ca2 +. Briefly, 250 μΙ supernatant was pre-incubated with 250 μΙ 
imidazole-HCI buffer with or without 10 mM CaC^for 10 min at 37°C in a shaking waterbath. 
After 10 min 5 or 10 μΙ substrate was added (final concentrations 226 μΜ, 163 μΜ, 100 μΜ 
and 100 μΜ for the cysteine-, calpain-, serine- and aspartate proteases, respectively 1 Θ ) . 
Imidazole-HCI buffer with or without 5 mM CaCI2 was added to a final volume of 1 ml. After 
30 min the reaction was stopped by adding 100 μΙ 4 M PCA (final concentration 0.36 M) and 
the samples were incubated on ice. After 10 min 300 μΙ 4 M K2HP04 (final concentration 
0.86 M) was added to neutralize the PCA and samples were centrifuged (6 min, 1500*g, 
4*C). AMC-release was measured as described above. 
EFFECT OF GLYCINE ON CALPAIN ACTIVITY 
To study the direct effect of glycine on calpain activity, hydrolysis of the calpain substrate 
by the cytosolic fraction was measured in the presence of glycine. Glycine was added 
from a concentrated stock solution (400 mM in H2O) to a final concentration of 2 or 10 mM. 
MEASUREMENTS OF LDH, POTASSIUM, AND PROTEIN 
Samples to determine LDH-release and intracellular K+ content were taken before washing 
the warmed tubules and after 15 min of incubation. LDH was measured as described 
previously 22. Increased release of LDH indicates complete loss of cell membrane integrity 
and reflects irreversible injury. LDH-activity in the supernatant is expressed as a 
percentage of total LDH-activity. Intracellular К + content was indicative for K+ loss due to 
ATP depletion. To determine the intracellular K+ content, samples were centrifuged in a 
Eppendorf centrifuge (Centrifuge 5415C, 15600*g) through a layer of 700 μΙ of 
1-bromododecane (Aldrich, Axel, the Netherlands) into 200 μΙ of sucrose/ficoll (270 mM 
sucrose, 4% Ficoll 400, Pharmacia, Woerden, the Netherlands) and further processed for 
flamephotometry (Eppendorf FCM 6343) as previously described19·23. Intracellular K+ 
content was expressed as nmol per mg protein. Protein was quantified either by the Lowry 
method 2 4 or by using the Bio-Rad Protein assay (Bio-Rad Laboratories, München, 
Germany). 
MATERIALS 
The protease substrate benzyloxycarbonyl-Arg-Gly-Phe-Phe-Pro-AMC (Z-Arg-Gly-Phe-
Phe-Pro-AMC) was purchased from Enzyme Systems Products (Livermore, CA, USA) and 
the other substrates were from Sigma (St. Louis, Ohio, USA). Hepes was obtained from 
Research Organics Inc. (Cleveland, Ohio, USA). All other chemicals were obtained from 
Merck (Darmstadt, Germany) or Sigma (St. Louis, Ohio, USA) except when stated 
otherwise. 
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STATISTICAL ANALYSIS 
Multiple group comparisons were performed using analysis of variance, with post-tests 
according to Newman-Keuls (Statview 4.01, Superanova VÎ.11, Abacus Concepts, Inc., 
Berkeley, CA). Values are given as means ± standard error. In case of a non-parametric 
distribution Wilcoxon's rank test was used with Bonferoni correction, and values were 
given as medians with range. A P-value less than 0.05 was considered the level of 
statistical significance. 
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Fig 1a and 1b: (a) LDH-release from rat proximal tubules after 15 min of normoxia (circles), hypoxia 
(squares) and hypoxia in the presence of 2 mM glycine (triangles). Values are presented as means ± SE. * 
ρ < 0.05 vs hypoxia, (b) Intracellular potassium content of rat proximal tubules after 15 min of normoxia 
(open bar), hypoxia (hatched bar) and hypoxia in the presence of 2 mM glycine (closed bar). Values are 
presented as means ± SE. * ρ < 0.05 vs normoxia. 
Results 
EFFECTS OF HYPOXIA AND GLYCINE ON CELL INJURY 
During normoxic incubation of freshly-isolated rat proximal tubules a slight increase in 
LDH-release occurred within 15 min (figure 1a) and intracellular K+ content remained 
elevated (353 ± 8 and 291 ± 1 7 nmol/mg protein after 0 and 15 min incubation). Hypoxia 
caused major cell injury after 15 min as indicated by the release of LDH (figure 1a) and the 
decrease in intracellular K+ content (figure 1b). In all experiments glycine completely 
prevented hypoxia-induced cell injury (figure 1a), but did not affect the intracellular K+ 
content (figure 1b). 
EFFECTS OF HYPOXIA AND GLYCINE ON PROTEASE ACTIVITY 
IN SITU MEASUREMENTS 
The activities of the four known classes of proteases (serine-, aspartate-, cysteine- and 
metal Ιο-proteases) and of the calcium-dependent cysteine protease calpain were 
assessed using an in situ assay. All proteases exhibited a measurable activity during 
normoxia, as shown by the release of AMC from the various substrates (table 1 ). Hypoxia 
caused a marked increase in the activity of serine, aspartate and calpain proteases 
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(table 1, figure 2), while the activities of cysteine and metallo proteases were not affected 
(table 1 ). The addition of 2 mM glycine during the hypoxic incubation reduced the hypoxia-
induced calpain activity (figure 2), but glycine had no significant effect on the hypoxia-
induced serine and aspartate protease activities (table 1). Calpain activity at normoxia 
was not inhibited by glycine (data not shown). The AMC derivatives did not affect the 
parameters used to estimate cell injury and the ability of glycine to protect against 
hypoxia-induced injury (data not shown). 
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Table 1. Activity of proteolytic enzymes in suspensions of rat proximal tubules incubated 
under normoxic and hypoxic conditions. Activity of proteases was assessed by adding specific substrates to 
the suspension of freshly isolated rat proximal tubules (see subjects and methods). Values are given as 
means ± SE in pmol AMC/mg protein/15 min or in pmol/mg protein/5 min. For all experiments: η > 4, 
a ρ < 0.05 vs normoxia, ь ρ < o.05 vs hypoxia. 
Fig 2. Calpain activity of rat proximal tubules in suspension incubated for 15 min under normoxic (open 
bar), hypoxic (hatched bar) and hypoxic conditions in the presence of 2 mM glycine (closed bar). The 
specific calpain substrate n-succinyl-Leu-Leu-Val-Tyr-AMC (10 μ,Μ) was added during normoxic and 
hypoxic incubations. Activity was expressed as the amount of AMC released from the substrate per time 
and per mg proferì. Values are presented as means ± SE. * ρ < 0.05 vs normoxia, ** ρ < 0.05 vs hypoxia. 
The increased calpain activity measured during hypoxia could have resulted from 
extracellular substrate hydrolysis by proteases, which have leaked from damaged tubules 
into the medium. We have, therefore, measured calpain activity in incubation medium 
harvested from a tubular suspension after normoxic or hypoxic incubation (see subjects 
and methods). This procedure allowed us to calculate the maximal contribution of leaked 
proteases to the total substrate hydrolysis. Maximal contribution was 13.2 ± 2.9 % and 
15.0 ± 0.3 % for normoxic and hypoxic suspensions, respectively (not significant), and 
this can, therefore, not explain the observed attenuation of hypoxia-induced calpain 
activity. 
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MEASUREMENTS ON CYTOSOLIC FRACTIONS 
Tubules were pelleted after 15 min of normoxic or hypoxic incubation and subsequently 
permeabilized with digitonin (see subjects and methods). The digitonin-released fraction 
was assayed for protease activity using the same substrates as used for the in situ 
measurements. Metallo proteases were not included, since no hypoxia-induced increase 
in activity was found in the in situ measurements. 
Fractions recovered from hypoxic tubules exhibited a significantly higher activity in 
calpain, cysteine-, serine- and aspartate proteases than those from the normoxic tubules 
(table 2). The addition of glycine during the hypoxic incubation prevented these hypoxia-
induced increases in protease activity (table 2). Both calpain and cysteine protease 
activities were measured in the presence and in the absence of Ca2 +. The hypoxia-
induced activation as well as the suppressing effect of glycine were comparable in the 
> presence or absence of Ca 2 + (table 2). The calcium-dependent hydrolysis of the calpain 
substrate was calculated and is shown in figure 3. Digitonin-released cytosolic fractions of 
hypoxic tubules show significantly higher Ca2+-dependent protease activities than their 
normoxic controls, and the hypoxia-induced increase is completely prevented by the 
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Table 2. Activity of classes of proteolytic enzymes in fractions obtained by digitonin-permeabilization of rat 
proximal tubules. Activity of proteases was assessed by adding, specific substrates to digitonin-releasable 
fractions from rat proximal tubules (see subjects and methods) in the presence (+) or absence (-) of 5 mM 
calcium. Values are expressed in nmol AMC/mg protein/30 mm given as means ± SE or medians (range). 
For all experiments: η 24, a ρ < 0.05 vs normoxia, ь ρ < o.05 vs hypoxia 
Fig 3. Calpain activity in digitonin-solubilized fractions derived from rat proximal tubules after 15 min of 
incubation at normoxic (open bar), hypoxic (hatched bar) or hypoxic conditions in the presence of 2 mM 
glycine (dosed bar). The specific calpain substrate n-succinyl-Leu-Leu-Val-Tyr-AMC (10 μΜ) was added 
to the cytosolic fractions in the presence and absence of 5 mM Ca2+ to determine the Ca2+-dependent 
hydrolysis of the calpain substrate. Activity was expressed as the amount of AMC released from the 
substrate per time period and per mg protein. Values are presented as means ± SE. * ρ < 0.05 vs normoxia, 
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To study the direct effect of glycine on calpain activity, we added glycine to the cytosolic 
fraction assay. Glycine (2 mM) had no effect on the hydrolysis of the calpain substrate 
measured in the presence of Ca 2 + (figure 4). Also, a higher concentration of glycine (10 
mM) had no significant effect. 
- glycine + glycine 
Fig 4. Effect of glycine on calpain activity. 
Digitonin-solubilized fractions of hypoxic 
tubules were incubated with the specific 
calpain substrate n-succinyl-Leu-Leu-Val-
Tyr-AMC (10 μΜ) in the presence of 
5 mM Ca2+ with (+glycine) or without 
(-glycine) glycine. Activity was expressed 
as the amount of AMC released from the 
substrate per time and per mg protein. 
Glycine (2 mM) had no effect on calpain 
activity, values are presented as means 
±SE. 
In the above-mentioned experiments measurements were done after 15 min of incubation, 
a time point at which hypoxia had caused major cell injury. To further delineate the 
relationship between calpain activation, hypoxia, and glycine's protection, we have 
performed additional experiments, in which calpain activity and LDH-release were 
measured at 7.5 min. At this time point no significant cell injury was noted (LDH-release 
11.5 ± 0.7%, 12.5 ± 1.1% and 11.4 ± 1.4% for normoxia, hypoxia and hypoxia in the 
presence of glycine, respectively, NS). However, also no significant difference in calpain 
activity was observed (figure 5). 
normoxia hypoxia hyp+gly 
Fig 5. Calpain activity in digitonin-
solubilized fractions derived from rat 
proximal tubules after 7.5 min of 
incubation at normoxic (open bar), hypoxic 
(hatched bar) or hypoxic conditions in the 
presence of 2 mM glycine (closed bar). 
The specific calpain substrate n-succinyl-
Leu-Leu-Val-Tyr-AMC (10 μΜ) was 
added to the cytosolic fractions in the 
presence and absence of 5 mM Ca2+ to 
determine the Ca2+-dependent hydrolysis 
of the calpain substrate. Activity was 
expressed as the amount of AMC released 
from the substrate per time period and per 
mg protein. Values are presented as 
means ± SE. 
74 
Hypoxia and proteases 
Discussion 
Our experiments demonstrate that hypoxia increases the activity of several classes of 
proteolytic enzymes. It is of interest that in using two different protocols to assess 
protease activity, we obtained partially different results. It is possible that by each method 
a different subpopulation of proteases is preferentially measured, thus providing 
complementary information on activation of proteolytic enzymes in hypoxia. The first 
method includes the addition of specific substrates to normoxic or hypoxic suspensions 
of proximal tubules. These substrates will be cleaved by their respective proteases after 
entering the cell and the fluorescent AMC is subsequently released. During hypoxia we 
observed an increased activity of serine- and aspartate proteases, whereas the activity of 
cysteine- and metallo proteases remained unchanged. The activity of calpain, a Ca2 +-
dependent cysteine protease was also investigated and the calpain substrate showed 
enhanced degradation in hypoxia. A more precise appraisal of calpain activity would 
include an estimation of the Ca2+-dependent substrate hydrolysis, but this is not feasible 
in the in situ assay. Previous studies showed that addition of the Ca2+-chelator EGTA or 
the use of nominal Ca2+-free media amplified hypoxic cell injury in proximal tubules 1 9. 
Glycine significantly attenuated the hypoxia-induced increase in hydrolysis of the calpain 
substrate, but was without effect on hydrolysis of the other substrates. 
One could argue that release of proteolytic enzymes from injured tubules into the medium 
could have substantially influenced the results. Therefore, we performed experiments to 
assess the proteolytic activity in the medium after normoxic and hypoxic incubations. The 
release of proteases in the medium could account for only 10-15% of total calpain activity. 
Most importantly, no difference was observed between media collected from normoxic and 
hypoxic incubations. This observation, as well as our experiments with serine- and 
aspartate proteases, indicate that the increased activity observed during hypoxia is not 
the result of cell lysis and subsequent release of proteases into the medium. In the latter 
case, glycine, which completely prevents cell lysis, should also have attenuated hypoxia-
induced serine- and aspartate protease activity, but this was not the case. 
It is obvious that the in situ assessment of protease activity, in which a substrate is 
added to intact tubules, has some disadvantages. The contribution of small amounts of 
protease activity leaked into the medium to the total protease activity precludes the 
detection of small changes in enzyme activities. Moreover, it is not feasible to realize a 
complete and homogeneous distribution of the substrate to the different cellular 
compartments. We have, therefore, used a second strategy to measure protease activity. 
Cytosolic fractions of digitonin-permeabilized tubules after hypoxic or normoxic incubation 
were assessed for protease activity under well-defined experimental conditions 1 β . 
Utilizing this procedure, the Ca2+-dependency of the degradation of the calpain substrate 
could be studied as well. In this situation, hypoxia, again, led to an increased calpain 
activity. Hypoxia also increased the activities of the other classes of proteases which 
were measured (cysteine-, serine- and aspartate proteases). Glycine present during the 
hypoxic incubation markedly attenuated all increased protease activities in the cytosolic 
75 
Chapter 5 
fractions. These results may seem somewhat conflicting when compared to the results of 
the in situ assays. One must bear in mind, however, that the two methods are quite 
distinct and that they yield different kinds of information. In tubular suspensions, overall 
protease activity is assessed, to which cytosolic as well as membrane-bound proteases 
and proteases located in cellular organelles may contribute. Furthermore, activity may 
vary according to the local availability of the substrates. In the cytosolic fraction obtained 
after digitonin permeabilisation, activity of a subset of soluble proteases is measured 
under well-defined conditions. Furthermore, it should be appreciated that the overall 
activity of an entire group of proteases is determined and thus no information can be 
obtained about specific proteases involved in cell injury. An increased activity of a 
particular protease may easily go undetected if this increase falls within the variation of 
the activity of the class of proteases where it belongs to. This is illustrated by the 
observation that cysteine protease activity is not affected in hypoxia, whereas the 
activity of calpain, a member of the class of cysteine proteases, is markedly increased. 
With respect to calpain the results of the in situ assay and the assay using cytosolic 
fractions were similar. Hypoxia consistently increased calpain activity. Calpains are 
calcium-dependent neutral cysteine proteases, forming a family consisting of at least six 
distinct members 2 5 , and they can be divided in two groups on the basis of their 
expression pattern: either ubiquitous or tissue-specific. Ubiquitous calpains exist as 
inactive cytosolic proteases (procalpain), which, in the presence of elevated intracellular 
free Ca 2 + , translocate to the cell membrane. At the cell membrane calcium-dependent 
autocatalytic activation of procalpain to calpain takes place 2 6 . Our observations are in 
line with these properties. Hypoxia induced considerable LDH-release into the medium and 
stimulated hydrolysis of the calpain substrate, however, no additional calpain was 
released into the medium (calpain activity in normoxic and hypoxic medium were equal). 
This indicates that calpain remained bound to an intracellular site after being activated. 
The activated calpain could be released after treatment with the detergent digitonin. 
Much is known about the structural and enzymological properties of the ubiquitous 
isozymes μ- and m-calpain, but information about their physiological function is limited 2 5 . 
It has been suggested that calpain might be important in cell differentiation 2 5 · 2 7 , long-term 
memory 2 6 , regulation of cell adhesion 2 5 and in signalling pathways 2 5 . Many 
physiologically important proteins are candidate substrates for calpain, such as 
cytoskeletal proteins 2 7-3 0, protein kinase C, protein kinase A, phospholipases, protein 
phosphatases 2e and the plasma membrane Ca2+-ATPase 3 1 . Therefore, activation of 
calpain during hypoxia is likely to have severe consequences for cell function and could 
initiate a cascade of reactions resulting in cell death. Indeed, several studies have 
demonstrated that calpain is activated during oxygen deprivation in various non-renal 
tissues and a correlation between calpain activity and cell injury was shown 15,17,28-30,32. 
Furthermore, Edelstein et al.18 have recently demonstrated an increased activity of μ-
calpain in hypoxic rat proximal tubules, which could be correlated with cell injury. Our 
study is in close agreement with these findings. Admittedly, our experimental data do not 
allow to draw definite conclusions on the exact timing of the activation of calpain in relation 
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to the occurrence of cell injury. Ideally, one should be able to measure intracellular Ca 2 + , 
calpain activity and cell injury simultaneously. However, this is not feasible in isolated 
tubules in suspension. In our additional experiments, measuring calpain activity and LDH-
release at an earlier time point (7.5 min instead of 15 min), no significant cell injury or 
calpain activation was observed. After this time point, cell injury and calpain activation 
became apparent. However, the rapid development of cell injury and the day to day 
variability which characterize the rat tubule preparation precluded to dissect these 
processes. 
The cytoprotectant glycine prevented calpain activity at 15 min, but not at 7.5 min. 
Theoretically, there are plausible explanations for the suppressive effect of glycine on 
calpain activation. The small subunit of calpain contains a glycine-rich strand, which is 
important for membrane association 3 3 . Glycine could interfere with this interaction, 
preventing activation of the inactive proenzyme. Secondly, glycine could interact with 
factors that modulate calpain activity, such as the endogenous calpain inhibitor 
calpastatin or activators. A direct inhibitory effect of 2 and 10 mM of glycine on calpain 
activity was excluded. Nichols et al.17 measured the enzyme activity of purified μ- and m-
calpain in the presence of different concentrations of glycine. These authors observed an 
inhibitory dose-response curve, with inhibition starting at 5 mM and being maximal at 10 
mM glycine. This suggests that there may be species and tissue differences, since 
Nichols et al. used purified μ-calpain from human erythrocytes and m-calpain from bovine 
heart tissue, whereas we used a cytosolic fraction recovered from rat proximal tubules 
permeabilized with digitonin. 
However, although glycine prevented the increase of calpain activity after 15 min of 
hypoxia, one can not conclude from our data that inhibition of calpain activity contributes 
to the protective effects of glycine, since we were unable to demonstrate an increase of 
calpain activity and an effect of glycine at an earlier time point, i.e. before cell injury 
occurs. Therefore, it is quite possible that the increased activity of calpain after 15 min of 
hypoxia is largely explained by the increased calcium influx that occurs when cells 
become lethally damaged. The attenuation of calpain activation by glycine then merely 
reflects the ability of glycine to prevent lethal membrane injury and its attendant calcium 
influx. 
With respect to the other proteases it is evident that the results of the in situ assay and 
the assay using cytosolic fractions were different. When measured in situ, in tubules in 
suspension, glycine did not attenuate the hypoxia-induced increase of serine- and 
aspartate protease activity. In contrast, glycine attenuated the increased protease 
activities measured in the cytosolic fractions. It is possible that hypoxia modifies the 
release of proteins by digitonin, thus biassing the assay, and that glycine influences this 
behaviour. However, when digitonin-induced protein release of tubules incubated for 7.5 
min under different conditions was measured, no difference was found (12.1 ± 3.3%, 11.1 
± 2.8% and 10.9 ± 2.5% of total protein for normoxia, hypoxia and hypoxia in the presence 
of glycine, respectively, NS). Glycine, therefore, does not affect the protein release by 
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digitonin treatment. However, theoretically, calculations of the specific activity in the in 
vitro assay could be influenced by loss of cytosolic proteins, and thus bias the 
conclusions. We feel that the in situ measurements suggest that glycine has no major 
effect on the activation of non-calpain proteases. 
Studies addressing the role of other proteases in cell injury are very limited. Hepatocytes 
exposed to cold ischemia demonstrated increased cytosolic activity of metallo- and 
aspartate proteases, but not serine- and cysteine proteases 16. Nichols ef al. added a 
substrate specific for metallo proteases to liver cells incubated at anoxic conditions and 
did not observe an increased hydrolysis of this substrate 17. Differences in methods as 
well as tissues may account for the differences in results between these and our studies. 
In conclusion, hypoxia increases the cytosolic activity of several classes of proteolytic 
enzymes in rat proximal tubules. It is unclear whether changes in protease activity 
precede or merely reflect cell injury. Although glycine attenuated the increase in activity of 
several classes of proteases, in particular of calpain, it is unlikely that such inhibition of 
protease activity contributes importantly to the protective effects of glycine. To gain more 
insight in the role of proteolytic enzymes in cell injury, further studies should be aimed at 
measuring intracellular ions, protease activity and cell injury simultaneously, and at 
identifying and characterizing specific proteolytic enzymes and their cellular substrates. 
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Abstract 
To elucidate potential mechanisms of ischemic renal injury, investigators often use drugs 
that interfere with specific pathological pathways and study their protective efficacy in in 
vitro models of ischemia, such as isolated renal proximal tubules subjected to hypoxia. 
However, the protective effects of certain drugs may depend on non-specific membrane-
stabilizing properties. We have studied the effects of several drugs on membrane integrity 
using osmotic lysis of erythrocytes as a model system. Freshly isolated rabbit 
erythrocytes were subjected to a hypotonic shock, and the protective effects of various 
calcium channel blockers, phospholipase inhibitors, free fatty acids, the NO-synthase 
inhibitor L-NAME, the amino acid glycine and its receptor-analogue strychnine, and two 
chloride channel blockers were examined. Most agents protected erythrocytes against 
hypotonic hemolysis when added to the medium in the same concentration range as used 
in suspensions of hypoxic proximal tubules. Only the protective agents that proposedly 
act via a blockade of chloride influx (glycine, strychnine and the chloride channel 
blockers), did not attenuate hypotonic hemolysis. The erythrocyte hemolysis assay may 
provide an easy and rapid method to screen for non-specific membrane-stabilizing effects 
of potentially cytoprotective agents. 
82 
Membrane-stabilizing effects of nephroprotectant agents 
Introduction 
The mechanisms involved in ischemic renal cell injury have not been fully defined. A 
number of processes have been implicated, such as increases in cytosolic calcium (1,2), 
enhanced phospholipase activity and decreased reacylation (3,4,5,6), accumulation of 
free fatty acids (3,5,7,8), increased protease activity (9,10), the generation of reactive 
oxygen species (11), weakened membrane-cytoskeleton interactions (12,13,14,15), and 
cell swelling (16,17,18). It is generally accepted that plasma membrane disruption is the 
final step in the process leading to cell death. 
In many studies directed at understanding the mechanisms of ischemic renal epithelial cell 
injury, isolated proximal tubules (PT) have been used as an in vitro model system. Freshly 
isolated rat or rabbit PT in suspension are exposed to hypoxia by nitrogen gassing and 
subsequent plasma membrane injury can be easily assessed by measuring the release of 
the cytosolic enzyme LDH. One possible way to study potential mechanisms involved in 
cell injury is to investigate the protective effect of drugs that interfere with the proposed 
pathological pathways. Agents such as calcium influx blockers (19,20,21,22), 
phospholipase inhibitors (23), chloride channel blockers (24) and inhibitors of nitric oxide 
synthase (25) have been protective, suggesting that the respective pathways are 
involved in the induction of cell injury (20,23,25). However, in most studies the agents in 
question have been used in very high concentrations. It is, therefore, possible that the 
beneficial effects of the drugs are non-specific and due to a more general membrane-
stabilizing property. In the present study, we have investigated the effects of several 
drugs that protect renal proximal tubules against ischemic injury on membrane integrity, 
using osmotic lysis of rabbit erythrocytes as a model system. 
Methods 
For the measurement of hypotonic hemolysis we have adapted the method originally 
described by Seeman (26). Fifteen ml of heparinized rabbit blood (New Zealand white 
rabbits, weighing 2.5 - 3 kg) was centrifugated (5 min, 700*g, 4'C) and plasma and buffy 
coat were removed. The pellet was washed 3x with Phosphate-Buffered Saline (PBS), 
containing (in mM): NaCI 150, Na2HP04 42.5, NaH 2 P0 4 8, pH-7.4 (from 27). Then, the 
pellet was resuspended in PBS supplemented with 10 mM glucose to a hematocrit of 30-
35% and kept on ice until use. Hemolysis was induced by suspending the erythrocytes in 
a hypotonic buffer, obtained by diluting the PBS in distilled water (figure 1). The assay was 
performed as follows: 50 μΙ of erythrocytes was added to 5 ml of diluted PBS (resulting in a 
protein content of -1.5 mg/ml), which (if appropriate) had been supplemented with a 
dissolved chemical or its solvent, and incubated for 30 min at 37'C in a shaking waterbath. 
After centrifugation (10 min, 700*g, 4'C), the absorbance of free hemoglobin in the 
supernatant was measured at 540 nm. The degree of hemolysis was expressed as the 
percentage of the appropriate control value. As a control value the dilution of PBS that 
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caused approximately 70% hemolysis (typically 30-32% PBS) was determined, for each 
batch of erythrocytes. Every experiment included a control test tube. 
Figi : Percentage hemolysis as a function 
of PBS-dilution. Rabbit erythrocytes were 
incubated in PBS, which had been diluted 
with water as indicated in the figure. After 
30 min incubation at 37'C, the 
erythrocytes were centrifugad (10 min, 
700*g, 4'C), and absórbanos of free 
«τ 1 i i i . hemoglobin in the supernatant was 
0 20 40 60 80 100 measured at 540 nm. The figure 
PBS (%) represents a typical response. 
Subsequently, the dose-dependent effects of the agents were studied. The agents and 
stock solutions used included the calcium channel blockers D600 (methoxyverapamil. 
Knoll, Ludwigshafen, Germany; 100 mM in ethanol, prepared daily), felodipine (Astra 
Hässle, Mölndal, Sweden, 100 mM in ethanol) and the non-calcium channel blocking 
felodipine derivative H186/86 (Astra Hassle, Mölndal, Sweden; 100 mM in ethanol); the 
phospholipase inhibitors dibucaine (100 mM in ethanol) and mepacrine (50 mM in water); 
the fatty acids palmitic acid (100 mM in methanol), myristic acid (100 mM in methanol), 
linoleic acid (200 mM in ethanol) and arachidonic acid (200 mM in ethanol); the competitive 
NO synthase antagonist NG-nitro-L-arginine methyl ester (L-NAME, Bachern, Bubendorf, 
Switzerland; 5 M in water); the amino acid and receptor analogues glycine (400 mM in 
water) and strychnine (50 mM in water); and the chloride channel blockers 
4,4'-diisothiocyanato-stilbene-2,2'-disulfonic acid (DIDS; 200 mM in DMSO) and 
4-acetamido-4'-isothiocyanato-stilbene-2,2'-disulfonic acid (SITS; 200 mM in DMSO). All 
compounds were of the purest grade and obtained from Sigma (St. Louis, MO, USA) or 
Merck (Darmstadt, Germany) unless indicated otherwise. 
All data are given as mean ± SEM of 4 - 9 experiments from different preparations. 
Analysis was performed using the Student's t test. A Ρ value of 0.05 was considered the 
level of significance. 
Results 
CALCIUM CHANNEL BLOCKERS 
The calcium channel blockers felodipine and D600 both attenuated hypotonic hemolysis 
(figure 2), although the concentration range and the extent of protection was different. 
Hundred μΜ felodipine provided almost complete protection (9.9 ± 3.6% hemolysis) and 
was significantly more protective than 10 μΜ felodipine (71.6 ± 8.2% hemolysis, 
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Ρ < 0.001). D600 exhibited a typical biphasic behavior, being protective at concentrations 
of 100-300 μΜ, but not at higher concentrations. The non-calcium blocking derivative of 
felodipine, H186/Θ6, had similar effects as felodipine up to 10 μΜ (74 0 ± 5 9% hemolysis 
for 10 μΜ H186/86, see figure 2). Higher concentrations of H186/86 did not further 
increase protection. The relative insolubility of the dihydropyndines in the assay buffer 
impeded experiments at higher concentrations Felodipine, D600 and Η186/86 were all 
dissolved in ethanol, which alone as a vehicle had no effect on hemolyis (100.5 ± 3 3% 
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Rg 2 a, 2b and 2с 
Protection of calcium channel blockers 
against hemolysis Rabbit erythrocytes 
were incubated in hypotonic PBS (see 
Methods) in the presence or absence of 
different concentrations of felodipine (a), 
methoxyverapamil D600 (b) or the 
felodipine-analogue Η166/86 (с) Data are 
given as mean ± SEM and expressed as 
the percentage hemolysis compared to the 
control a Ρ < о 01 vs control, ь ρ < о 001 
vs control 
PHOSPHOLIPASE INHIBITORS 
Two different phospholipase inhibitors were used: mepacnne and dibucame (figure 3) and 
both inhibitors showed a biphasic behaviour Protection was observed at concentrations 
à 25 μΜ (85 3 ± 1 2% and 89 3 ± 0 3% hemolysis for 25 μΜ dibucame and 25 μΜ 
mepacnne, respectively, Ρ < 001) and was maximal at 100 μΜ for both inhibitors. 
Dibucame caused hemolysis at higher concentrations (149 4 ± 10 6% hemolysis for 
500 μΜ dibucame, Ρ < 0 01 vs control) 
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Fig За and 3b: Protection of phosphohpase inhibitors against hemolysis. Rabbit erythrocytes were incubated 
in hypotonic PBS (see Methods) in the presence or absence of different concentrations of mepacrme (a) or 
dibucaine (b) Data are given as mean ± SEM and expressed as the percentage hemolysis compared to the 
control, a Ρ < 0.005 vs control, ь ρ < о 05 vs control 
FREE FATTY ACIDS 
The protective effect of four different fatty acids, myristic acid (MA, 14:0), palmitic acid 
(PA, 16:0) , linoleic acid (LA, 1 8 : 2 ) and arachidomc acid (AA, 20 : 4), was tested, as 
shown in table 1. MA was protective at concentrations starting at 10 μΜ and completely 
prevented hemolysis at 100 μΜ. The other saturated fatty acid, PA, was protective at the 
lowest concentration tested and achieved maximal protection at 25 μΜ. Both unsaturated 
fatty acids (LA and AA) showed typical biphasic behaviour. At low concentrations, LA and 
AA were mildly protective against hemolysis, but these effects were not statistically 
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89±1<= 
97 ± 2 
9 4 ± 5 
5μΜ 
8 7 + 1 1 
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B 8 ± 6 
8 4 ± 5 
10 μΜ 
55 ±10 a 




29 ±12 a 
5 2 ± 5 a 
96 ±25 
129 ± 2 5 
50 μΜ 
1 2 ± 7 a 
52±4a 
139±7D 
1 5 6 ± 3 b 
100 μΜ 
- 2 ± 5 a 
57 ± 6 a 
121 ±12 
146±8c 
Table 1 : Concentration-dependent effects of various free fatty aads on hypotonic shock induced hemolysis. 
Rabbit erythrocytes were incubated in hypotonic PBS which caused approximately 70% hemolysis (see 
Methods) in the presence or absence of different concentrations of mynstac acid (MA), palmite acid (PA), 
linoleic acid (LA) or arachidomc acid (AA) Data are given as mean + SEM of 3 - 9 different erythrocyte 
preparations and expressed as the percentage hemolysis compared to the control, a ρ < 0.001 vs control, 
ь Ρ < 0.005 vs control, с P < 0 05 vs control 
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NO-SYNTHASE ΙΝΗΙΒΓΤΟΗ 
The NO-synthase inhibitor L-NAME was tested in the concentration range of 0.1 - 50 mM, 
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Fig 4: Protection of NO synthase inhibitor 
against hemolysis. Rabbit erythrocytes 
were incubated in hypotonic PBS (see 
Methods) in the presence or absence of 
different concentrations of L-NAME. Data 
are given as mean ± SEM and expressed 
as the percentage hemolysis compared to 
the control, a Ρ < 0.05 vs control, 
ьР<0.001 vs control 
AMINO ACIDS AND GLYCINE RECEPTOR ANALOGUE 
Glycine did not have a protective effect on hemolysis at concentrations < 2 mM (see figure 
5). Hemolysis in the presence of both 5 and 10 mM glycine was significantly lower than the 
control. Strychnine had no effect on hemolysis in the range of 0.1 to 10 mM (figure 5). 
BLOCKERS OF CHLORIDE CHANNELS 
The chloride channels blockers SITS and DIDS did not show protection in the 
concentration range of 0.2 - 200 μΜ, hemolysis averaging 108 ± 14 and 112 ± 7% for 200 
μΜ of DIDS and SITS, respectively (P > 0.1 vs control). 
4 6 8 
glycine (mM) 
4 6 8 
strychnine (mM) 
Rg 5a and 5b: Protection of glycine and strychine against hemolysis. Rabbit erythrocytes were incubated in 
hypotonic PBS (see Methods) in the presence or absence of different concentrations of glycine (a) or 
strychnine (b). Data are given as mean ± SEM and expressed as the percentage hemolysis compared to the 




This study shows that many agents that have been shown to be protective against 
ischemic renal injury also protect erythrocytes from hemolysis induced by a hypotonic 
shock. Protection may, therefore, be explained by non-specific membrane-stabilizing 
effects. The fact that in most studies the agents were only effective at very high 
concentrations already suggested a non-specific mechanism of protection. For instance, 
felodipine protected isolated rat proximal tubules against hypoxia-induced injury (21) at a 
concentration of 100 μΜ. A concentration of 10 μΜ was not protective (21), whereas the 
Km of felodipine for the L-type calcium channel is in the nM range (28,29). The present 
study, which is in line with previous observations (30), demonstrates that 100 μΜ 
felodipine effectively protects erythrocytes against hypotonic lysis, whereas 10 μΜ 
felodipine is much less effective. Our previous study showed that the non-calcium 
channel blocking analogue H186/86 also protected rat PT against hypoxia-induced cell 
injury, although to a lesser extent than felodipine (21). In the present study this analogue 
also reduced hemolysis, again to a lesser extent than felodipine. Taken together, there is 
a close parallel between the effects of the CCB on ischemic tubular injury and on 
hypotonic lysis of erythrocytes. All data strongly suggest that the mechanism of 
protection is non-specific and not related to an effect of these drugs on calcium influx 
through L-type calcium channels. 
In table 2 the protective efficacy of the agents used in models of ischemic proximal tubular 
injury and the findings of the present study are compared. It is improtant to note that the 
protein concentrations of the suspensions of tubules and erythrocytes were comparable. 
It is evident that not only the CCBs, but also the phospholipase inhibitors dibucaine and 
mepacrine, and the NO-synthase inhibitor L-NAME prevented the lysis of erythrocytes 
during hypotonic stress. With respect to arachidonic acid, it is intriguing to see that at 
higher concentrations (100 μΜ) we observed an increased hemolysis, which concurs with 
the proximal tubular damage observed at concentrations of 130 and 195 μΜ (3). However, 
in view of the low solubility of free fatty acids (31 ), results obtained with these agents 
(3,32) have to be interpreted with caution. 
In contrast, glycine attenuates ischemic cell injury (3,22,33), but has no effect on 
hypotonic lysis of erythrocytes in the concentration of 2 mM, which is used in experiments 
with hypoxic tubules (table 2). Also, the tubuloprotective agents strychnine (34) and the 
chloride channel blockers DIDS and SITS had no effect on the hypotonic lysis of 
erythrocytes. This suggests that these agents exert a rather specific effect. Miller et al. 
proposed that both glycine and strychnine bind to the plasma membrane and protect via a 
receptor-mediated mechanism (35,36,37). Both agents blocked chloride influx in the late 
stage of cell injury. Furthermore, chloride channel inhibitors, among which SITS and DIDS, 
also blocked chloride influx and were protective against chemical hypoxia-induced injury 
in isolated PT (24). Thus, the agents that do not affect hypotonic hemolysis in this study, 
are those that were proposed to protect tubules by specifically interfering with an influx of 
chloride in the late phase of cell injury. However, this theory is still equivocal, as no 
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specificity of the permeability change for chloride was demonstrated, and experiments 
were performed in the absence of chloride. Furthermore, in view of the important role for 
chloride in volume regulation, non-specific membrane-stabilizing protective effects of 
chloride influx blockers may be counteracted by the deleterious effect of preventing the 
regulatory volume decrease after a hypotonic shock. 
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Table 2: The protective efficacy of various agents against hypoxic injury in isolated proximal tubules as 
compared to their ability to protect erythrocytes against hypotonic hemolysis. Comparison between 
protective effects of various agents on freshly isolated proximal tubules subjected to hypoxia or chemical 
hypoxia, as reported previously (reference), and the effect on erythrocytes subjected to a hypotonic shock, 
as described in the present study. 
We have to realize that the phospholipid composition of erythrocytes and renal epithelial 
cell membranes, as well as the injury provoked by hypotonia and hypoxia, are not 
identical. Therefore, a direct extrapolation of the present data to hypoxic isolated PT may 
be invalid. It is obvious that specific effects of the studied drugs on proximal tubular injury 
cannot be excluded, but we feel that the conclusions of the studies with regard to the 
specificity of the drug should at least be questioned. 
In conclusion, many of the agents that have previously been shown to provide protection 
against hypoxic injury in suspensions of isolated PT can act as membrane stabilizers at 
the high concentrations that are frequently used. The erythrocyte hemolysis assay is an 
easy method to screen agents for non-specific membrane effects. Agents that affect 
hemolysis may also interact with membranes of isolated PT during normoxic and hypoxic 
incubation. 
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Abstract 
Isolated proximal tubules (PTs) are frequently used to study the mechanisms of ischemic 
epithelial cell injury. The extent of ischemic injury may be dependent on the species and 
the age of the animal that is used. The amino acid glycine is an effective protective agent, 
although thus far the mechanism of protection is unresolved. Furthermore, it is unclear 
whether cell swelling contributes to ischemic cell injury. We have compared the sensitivity 
to hypoxic injury of proximal tubules derived from rat, and young and old rabbits by 
measuring the release of the cytosolic enzyme LDH and the intracellular potassium and 
ATP contents. In all preparations, the protective effects of glycine were tested. Changes 
in tubulus diameter were studied to evaluate the role of cell swelling in the induction of cell 
injury and glycine's protection. Cellular injury induced by hypoxia developed more rapidly 
in PTs from older rabbits compared to younger animals. All basal metabolic parameters (K+ 
levels, ATP levels and energy state) were higher in PTs from young rabbits. PTs from both 
young and old rabbits were significantly less vulnerable to hypoxia than PTs from rat. 
Hypoxic injury in all tubular preparations was attenuated by glycine. The average diameter 
of PTs from young and old rabbits increased during hypoxia, and swelling was prevented 
by glycine. However, this increase in average tubular diameter could be attributed entirely 
to an increase in the percentage of damaged, swollen tubules. PTs from rabbit are less 
sensitive to hypoxic injury than PTs from rat. Furthermore, tubules from old rabbits are 
more vulnerable than those from young rabbits. These findings may be related to 
differences in cellular metabolism, although differences in the isolation protocol may also 
contribute. Cell swelling is the result rather than the cause of renal tubular epithelial cell 
injury. It is unlikely that glycine affords protection by influencing cell volume. 
Key words: proximal tubules, age, species, hypoxia, injury, rat, rabbit, cell swelling, 
glycine 
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Introduction 
Acute tubular necrosis, the most common cause of acute renal failure, is caused by renal 
hypoperfusion. Precize studies of tubular epithelial cell injury in vivo are hampered by 
possible interference from alterations in vascular function. Therefore, isolated proximal 
tubules (PTs) are frequently used as a model system to study the cellular mechanisms 
involved in ischemic tubular injury. In this in vitro model the effects of protective agents on 
different parameters of cell injury can be studied under well-defined experimental 
conditions. In recent years freshly-isolated PTs have been used to study the role of 
various cellular pathophysiological pathways in ischemic injury, such as calcium influx 
(1,2,3), NO formation (4,5), activation of proteolytic enzymes (6,7) or phospholipases 
(8,9). Also, protective effects of various agents such as glycine, strychnine, and blockers 
of calcium or chloride channels, have been evaluated (10,11,12,13,14,15). However, the 
various studies on the mechanisms of cell injury and the impact of protective manoeuvres 
might not be entirely comparable. Differences caused by variations in species (rat [e.g. 
1,12,16], rabbit [e.g. 13,15,17,18], or mouse [e.g. 19,20]) and methodology (type of 
collagenase, other materials, etc) can be expected. Furthermore, numerous reports have 
described the effect of age on the sensitivity of renal tissue to ischemia (21,22,23) and to 
toxic compounds (24,25,26). Thus, the outcome of a particular study could also be 
dependent on the age of the animal that is used. 
In the present study, the sensitivity of PTs derived from rat and rabbit to hypoxic injury 
was assessed. In addition, tubules derived from young and old rabbits were compared. In 
all preparations, the protective ability of glycine was tested, because glycine has been 
proven to be protective against tubular cell injury (13,11,27). Since the mechanism of 
glycine's cytoprotection remains unclear, we investigated whether an effect on cell 
swelling (28,29,30,31,32) could be involved. 
Materials & Methods 
ISOLATION OF PTS FROM YOUNG RABBrrs 
New Zealand white rabbits of 5 to 6 weeks old were killed by cervical dislocation, the 
kidneys removed and placed in ice-cold buffer A, containing (in mM): NaCI 112, №НСОз 
20, KCl 5, CaCI2 1.6, Na 2 HP0 4 2.0, MgS04 1.2, Glucose 5, HEPES 10, mannitol 10, 
l-glutamine 1, sodium butyrate 1 and sodium lactate 1. Buffer A had been gassed for at 
least 30 min with 95%02/5%C02, and was adjusted on ice to pH - 7.05, which resulted in 
pH ~ 7.30 at 37'C. The isolation and experimental procedures took place at 4°C unless 
stated otherwise. The cortex was removed, minced on ice, washed 2x with buffer A and 
incubated in a 250 ml Erlenmeyer flask at 37°C in buffer A (60 ml for 4 kidneys) 
supplemented with collagenase (4.5 mg/60 ml; type A, Boehringer, Almere, The 
Netherlands) and hyaluronidase (4.5 mg/60 ml buffer, Boehringer). During the digestive 
incubation the supernatant, containing digested fragments, was removed from the 
solution every 5 min and centrifugea for 1 min at 50*g. The supernatant was returned to 
the Erlenmeyer flask and the pellet was resuspended in ice-cold buffer A supplemented 
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with albumin (1.5 g fatty-acid free albumin in 45 ml buffer, Albumin fraction V fatty acid 
free, Boehringer). After 15 min of warm digestion all remaining material was centrifugad at 
50*g for 1 min and the pellet incubated in albumin solution to neutralize the collagenase 
activity. Then the fragments were passed through a tea-strainer and washed to remove 
the albumin. PTs were purified using a Percoll-gradient, as previously described (12). 
Briefly, after centrifugaron in a Sorvall RB-5B centrifuge (10 min, 14000*g, 4°C) PT were 
recovered from the lowest band, which contained no glomeruli, and was composed 
primarily (>95%) of PTs. The tubules were washed 3x with buffer A to remove the Percoli. 
ISOLATION OF PTS FROM OLD RABBIS 
The abovementioned protocol was adapted as follows. New-Zealand white rabbits of 3 - 5 
months were used. Incubation in the warm collagenase digestion buffer was prolonged to 
30 min. Collection of digested fragments still occurred every 5 min, as described above. 
ISOLATION OF RAT PTs 
To obtain suspensions of rat PTs, the protocol for the isolation of tubules from young 
rabbits had to be adapted. It was necessary to perfuse the rat kidneys, to use a higher 
concentration of collagenase and to prolong the digestion step (10,12). Briefly, male 
Sprague-Dawley rats (approximately 200-250 g of body weight) were anesthetized with 
sodium pentobarbital (60 mg/kg body weight i.p.) and the kidneys flushed for 5 min with 40 
ml of an ice-cold oxygenated (95%02/5%C02) heparin solution ( 1 % of a 5000 IE/ml 
heparin; Organon, Oss, The Netherlands) in buffer A. Perfusion was continued for 5 min 
with 30 ml of ice-cold buffer A containing 10 mg collagenase (type A, Boehringer) and 25 
mg hyaluronidase (Boehringer). After perfusion, the kidneys were decapsulated, removed 
and transferred to ice-cold buffer A. The renal cortices were removed and minced on a cold 
petri dish. After three washes the tissue was digested in 60 ml of oxygenated buffer A 
containing 20 mg collagenase and 15 mg hyaluronidase at 37'C. For rat PTs, digested 
fragments were recovered every 10 min and digestion was continued for approximately 30 
min. The rest of the procedure was identical to the above mentioned protocol for rabbit 
PTs. 
EXPERIMENTAL PROTOCOL 
The tubules recovered after Percoli centrifugation were resuspended in a 250 ml 
Erlenmeyer flask in ice-cold oxygenated buffer B, containing (in mM): NaC1106, NaHC03 
20, KCl 5, CaCI2 1, Na2HP04 2, MgS04 1, Glucose 5, HEPES 10, l-glutamine 2, sodium 
butyrate 10, and sodium lactate 4. Buffer В had been set to pH - 7.15 on ice, leading to a 
pH of 7.40 at 37'C. The suspension was gassed on ice for 5 min with 95%02/5%C02. The 
flask was then capped with a rubber stopper and warmed up gradually (10 min at room 
temperature, 10 min at 37'C). After sampling to obtain control values, aliquots (usually 6 
ml, containing typically 1.5 - 3.0 mg protein/ml) were placed in siliconized 25 ml Erlenmeyer 
flasks and, if appropriate, supplemented with glycine (final concentration 2 mM from a 400 
mM stock solution in water). Experiments were started by gassing the individual flasks 
with either 95%02/5%C02 (normoxia) or 95%N2/5%C02 (hypoxia) in a shaking waterbath 
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at 37'C. After 5 min the flasks were sealed. Samples were taken at 15 min for rat PTs and 
at 15,30 and 60 min for rabbit PTs. 
PARAMETERS 
Cell injury was assessed by measuring the release of the enzyme lactate dehydrogenase 
(LDH). Increased release of LDH indicates complete loss of cell membrane integrity and 
reflects irreversible injury. LDH-activity in the supernatant was expressed as percentage 
of total LDH-activity (10). Intracellular potassium levels were interpreted as indicative for 
potentially reversible, metabolic malfunctioning of the tubules. To determine the 
intracellular K+ concentration, samples were centrifugea in a Eppendorf centrifuge through 
700 μ11-bromododecane (Aldrich, Axel, the Netherlands) which had been layered on top of 
200 μΙ sucrose/ficoll (270 mM sucrose, 4% Ficoll 400, Pharmacia, Woerden, the 
Netherlands) and further processed for flamephotometry (eppendorf FCM 6343) as 
previously described (10). Intracellular potassium values were expressed as nmol per mg 
protein. Protein was determined by the method of Lowry er al. (33). 
The adenine nucleosides ATP, ADP and AMP were determined in a neutralized perchloric 
acid (PCA) extract by HPLC (34). Briefly, 1.5 ml PTs suspension was centrifuged (10 sec, 
1500*g, 4'C) and 1 ml 0.4 M PCA was added to the pelleted tubules. After 6 min the 
extracted PTs were centrifuged (6 min 3000 rpm, 4'C) and the supernatant was neutralized 
for 6 min on ice with 0.5 ml 1 M K2HP04. After centrifugaron (6 min, 1500*g, 4'C) the 
supernatant was adjusted to pH - 6.8, when necessary, and stored at -80'C. Protein 
concentrations are determined in the PCA pellet which is dissolved in 1.5 ml 1.2 % (w/v) 
SDS / 0.4 M NaOH. HPLC was performed using a LC-18 column (Supelcosil, Supelco, 
Belief onte, PA) and a corresponding guardcolumn (Supelguard LC-18-DB, Supelco). 
Phosphate buffer (94 mM KH 2 P0 4 , 130 mM K 2 HP0 4 , 0.33 mM tetrabutylammonium 
hydrogen sulphate), supplemented with 1 % (v/v) methanol was perfused at 1.3 ml/min. The 
energy-state of the tubules can be calculated from the measured nucleotides, using the 
formula (10) (ATP + 0.5 ADP)/(ATP + ADP + AMP). This allows an assessment of the 
metabolic condition of a cell, independent of the amount of protein present. 
To determine the diameter of individual tubules, samples of the PTs suspension were 
stained with Trypan blue and allowed to settle on a coverslip. Photographs were taken and 
the diameter of the individual tubules was measured at at least two fixed points of each 
individual PT and the two values were averaged. Trypan blue staining further allowed an 
estimation of the percentage of dead cells in each tubule. If more than one third of the 
tubule stained positive, it was considered "damaged". 
CHEMICALS 
Hepes was obtained from Research Organics Inc. (Cleveland, Ohio, USA). All other 
chemicals were obtained from Merck (Darmstadt, Germany) or Sigma (St. Louis, Ohio, 




Analysis was performed using the Student's t test and multiple group comparisons using 
analysis of variance, with post-tests according to Bonferroni (Statview 4.01, Superanova 
v1.11, Abacus Concepts, Inc., Berkeley, CA). Values are given as mean + SEM. A Ρ value 
less than 0.05 was considered statistically significant. 
Fig 1a, 1b, 1c, 1d and 1e: Morphology of isolated 
rabbit and rat proximal tubules. Proximal tubules 
(PTs) were isolated from either rat or rabbit and 
incubated in normoxic or hypoxic buffer. Samples 
to assess morphology and cell death (as assessed 
by Trypan blue) were taken before warming 
(-25 min) and after 0, 15, 30 and 60 min of 
incubation. Photographs represent rabbit PTs from 
young (a and c) and old (b and d) animals, before 
warming (a and b) and after 30 min of hypoxia (c 
and d). Diameters of healthy (Trypan blue 
negative) and damaged (Trypan blue positive) PTs 
are clearly different. Figure e shows PTs from rat, 
at 0 min. Bar denotes 100 \im. 
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Results 
RABBIT PROXIMAL TUBULES 
After the isolation procedure <5% of cells in PTs from young (yPTs) and old rabbits (oPTs) 
demonstrated membrane injury, as reflected by Trypan-blue staining (figure 1). Proximal 
tubules from old rabbits were thicker than tubules derived from young rabbits (figure 1). 
LDH-release during the 60 min of normoxic incubation was similar for yPT and oPT (figure 
2). Hypoxia induced cell membrane injury more rapidly in tubules from old rabbits as 
compared to tubules from young rabbits (LDH-release after 15 min hypoxia 12.5 ± 2.2% 
and 27.6 ± 7.2% for yPTs and oPTs, respectively, Ρ < 0.05, figure 2). Glycine completely 
prevented hypoxia-induced cell death in both yPTs and oPTs (LDH-release 9.2 ± 1.8% and 
9.8 ± 3 . 1 % , 15.0 ±1.2% and 12.8 ±1.5%, 15.0 ± 1.7% and 19.4 ± 3.1% after 15,30, and 
60 mm of hypoxia in the presence of glycine, Ρ < 0.001 versus hypoxia). 
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Fig 2: LDH-release in proximal tubules from old and young rabbits incubated under normoxic or hypoxic 
conditions Proximal tubules (PTs) were isolated from young (circles) or old (squares) rabbits and 
incubated in normoxic (open symbols) or hypoxic (filled symbols) buffer Samples to assess cell death 
(percentage of total LDH released in the medium) were taken before incubation and after 15,30 and 60 mm 
of incubation. Data are given as mean ± SEM of 5 or 6 experiments, a ρ < 0.05 vs normoxia, ь ρ < 0.001 vs 
normoxia. 
Fig 3: Intracellular potassium content of proximal tubules from old and young rabbits incubated under 
normoxic or hypoxic conditions. Proximal tubules (PTs) were isolated from young (circles) or old 
(squares) rabbits and incubated in normoxic (open symbols) or hypoxic (filled symbols) buffer. Samples to 
assess intracellular potassium contents (nmol K+ per mg protein) were taken before incubation and after 
15, 30 and 60 mm of incubation. Data are given as mean ± SEM of 5 or 6 expenments a ρ < 0.05 vs 
normoxia, ь P < 0.001 vs normoxia 
Basal K+ levels were higher in yPTs (intracellular K+ content 377 ± 12 and 328 ± 14 nmol 
K+/mg protein for yPTs and oPTs, respectively, Ρ < 0.01). In addition, the K+ content in 
oPTs decreased more rapidly after hypoxic treatment than the K+ content of yPTs 
(253 ± 31 and 150 ± 7 nmol K+/mg protein after 15 min hypoxia for yPTs and oPTs, 
respectively, Ρ < 0.05, figure 3). The addition of glycine did not prevent K+ depletion in 
either yPTs or oPTs (intracellular K+ content 211 ± 29 and 135 ± 13 nmol K+/mg protein, 
194 ± 41 and 138 ± 16 nmol K+/mg protein, 236 ± 40 and 140 ± 29 nmol K+/mg protein for 
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yPTs and oPTs, respectively, after 15, 30 and 60 min of hypoxia in the presence of 
glycine, NS vs hypoxia). 
ATP, ADP and AMP levels were measured in normoxic tubules after different periods of 
incubation. Since hypoxia leads to cell death, resulting in the release of cell contents in 
the medium and subsequent breakdown of metabolites, ATP measurements of hypoxic 
preparations are not informative. Basal ATP levels were higher in yPTs compared to oPTs 
(10.0 ± 1.4 and 4.6 ± 0.4 nmol ATP/mg protein, Ρ < 0.005, see table 1 ) and remained higher 
throughout the normoxic incubation (table 1). Also, the levels of the other adenosine 
nucleotides remained stable over the 60 min period of normoxic incubation (table 1). The 
basal energy-state in yPTs was higher than in oPTs (0.75 ± 0.04 and 0.55 ± 0.04 for yPTs 
and oPTs, respectively, Ρ < 0.01, table 1) and remained stable throughout the 60 min 
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3.3 + 0.2 
4.6 ± 0.4 
0.55 ± 0.04 
3.7 ± 0.6 
2.6 ± 0.2 
4.4 ± 0.9 
0.53 ±0.06 
3.6 + 0.5 
2.9 + 0.4 
4.2 ± 0.9 
0.52 ± 0.05 
3.7 ± 0.4 
2.9 ±0.5 
4.3 ±0.5 
0.53 ± 0.05 
Table 1 : Adenosine nucleotides during normoxic incubation of rabbit proximal tubules. Proximal tubules 
(PTs) were isolated from young (top half of table) and old (bottom half of table) rabbits and subjected to 
normoxia. Samples were taken before the start of the incubation and after 15, 30 and 60 min. Adenosine 
nucleotides were measured in neutralized TCA-extracts of tubulus suspensions, using HPLC (see 
Methods) and expressed as nmol per mg protein. Energy-state was calculated as 
(ATP + 0.5 ADP)/(AMP+ADP+ATP). Data are gwen as mean ± SEM of 5 or 6 experiments. 
Basal average diameter of yPTs was smaller than for oPTs (26.6 ± 0.3 ц т and 32.6 ± 0.4 
μπι for yPTs and oPTs, respectively, Ρ < 0.001). In tubules measured under hypoxic 
conditions, the average diameter was significantly increased (figure 4). No such increase 
was observed in hypoxic tubules incubated in the presence of glycine (diameter 27.2 ± 0.8 
and 32.9 ± 1.3 μπτ, 26.8 ± 0.6 and 33.5 ± 0.3 цт, 27.6 ± 1.0 and 34.6 ± 0.9 ц т for yPTs and 
oPTs after 15, 30 and 60 min of hypoxic incubation in the presence of glycine, 
respectively, NS vs normoxia). In order to evaluate whether this increase in tubular 
diameter was the cause or the consequence of cell injury, we further analysed the data 
and have correlated tubular diameter with cell viability as reflected by Trypan blue 
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staining. Figure 5 shows the tubular diameter of yPTs classified in two groups: "healthy" or 
"damaged''. It is evident that the diameter of damaged tubules is increased. However, 
there is no indication of an increase in tubular diameter before the onset of lethal 
membrane injury. Thus, apparently the increase in average tubular diameter during 
hypoxia can be explained entirely by the increase in the percentage of damaged (and thus 
swollen) tubules. Measurements of the diameter of oPTs revealed similar results (diameter 
31.2 ± 0.2, 30.6 ± 2.7 and 33.6 ± 0.5 ц т vs 41.6 ± 0.8, 40.2 ± 0.7 and 39.1 ± 0.9 ц т for 
healthy vs damaged oPTs after 60 min of normoxia, hypoxia, and hypoxia in the presence 
of glycine, respectively). 
10 20 30 40 50 60 
time (min) 
10 20 30 40 
time (min) 
Fig 4: Diameter of proximal tubules from young and old rabbits during normoxia and hypoxia. Proximal 
tubules (PTs) were isolated from young (circles) and old (squares) rabbits and subjected to either normoxia 
(open symbols) or hypoxia (filled symbols). Samples were taken after 0,15,30 and 60 min of incubation. 
Tubulus diameter is expressed in μ/π. Data are given as mean ± SEM of at least 5 experiments, a Ρ < 0.05 
vs normoxia, ь Ρ < 0.001 vs normoxia. 
Rg 5: Diameter of healthy and damaged proximal tubules from young rabbits during normoxia and hypoxia 
Proximal tubules (PTs) were isolated from young rabbits and subjected to either normoxia (circles), 
hypoxia (squares) or hypoxia in the presence of 2 mM glycine (triangles). Tubulus diameter is expressed in 
μτη. According to the percentage of Trypan-blue stained cells within a given tubule, it is denounced "healthy" 
(open symbols) or "damaged* (filled symbols). Data are given as mean ± SEM of at least 5 experiments. 
RAT PROXIMAL TUBULES 
All experiments with rat PTs were stopped after 15 min incubation, because hypoxia led to 
a rapid increase in PTs mortality (LDH-release after 15 min 55.1 ± 3.0%, figure 6a). PTs 
derived from rat further showed enhanced LDH-leakage even during normoxic incubation 
(17.6 ± 2.1% after 15 min normoxia, figure 6a), despite stable intracellular K+ content 
(figure 6b). When rat PTs were incubated at hypoxic conditions, intracellular K+ content 
rapidly decreased to 103 ± 14 nmol KVrng protein after 15 min (figure 6b). The addition of 2 
mM glycine completely protected rat PTs from hypoxic cell death (figure 6a), but had no 
effect on intracellular K+ content (figure 6b). ATP content of normoxic rat PTs was 
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Fig 6a and 6b: Cell death and metabolic disturbance of rat proximal tubules during normoxic and hypoxia. 
Proximal tubules (PTs) were isolated from rats and subjected to 15 min of either normoxia (open circles), 
hypoxia (open squares) or hypoxia in the presence of 2 mM glycine (filled circles). Cell death was 
assessed as the percentage of LDH released in the medium (a) and metabolic impairment was reflected by 
the intracellular potassium content (b). Data are given as mean ± SEM of 7 experiments, a Ρ < 0.001 vs 
normoxia, ь Ρ < 0.001 vs hypoxia 
Discussion 
The present paper shows that both the age of the donor animal and the species used are 
important determinants of the quality of suspensions of isolated proximal tubules (PTs), 
as estimated by cell viability and metabolism. Freshly isolated PTs from young rabbits 
(yPTs) were more stable and less vulnerable to hypoxic injury than PTs isolated from older 
rabbits (oPTs), but PTs from rat were over 2 times more sensitive than PTs from rabbit. 
Differences between yPTs and oPTs were reflected by higher basal intracellular K+ levels, 
ATP levels and energy-states. Differences in K+ and ATP contents could be caused by 
higher protein mass per cell, since variations in protein amounts have been reported to 
occur with age (35). However, the energy-state is independent of protein concentrations, 
and confirmed the metabolic difference in PTs derived from either young or older rabbits. 
Previous studies using isolated PTs from mature and immature rats also revealed age-
related differences in ATP levels and sensitivity to hypoxia (35). Microdissected PTs from 
young rabbits were more resistant to anoxia than PTs from older animals, and the 
concomitant increase in intracellular free calcium was significantly less (23). The 
enhanced susceptibility of tubules isolated from older animals to hypoxia supports 
existing reports suggesting that such differences also occur in vivo. When young and old 
rats were subjected to in vivo renal ischemia (clamping and reoxygenation), functional 
recovery of old rats was hampered, which was possibly due to age-related differences in 
basal renal metabolism (21 ). In contrast, Fleck ef al. reported only minor differences 
between young and adult rats after 45 min of ischemia (36). However, the definition of 
"young" and "old" was quite different, as Miura ef al. compared 3-4 months with 37-38 
months old rats, whereas Fleck ef al. used one and two months old rats. Furthermore, 
102 
Age and species dependent injury 
primary cultures of human proximal tubular cells from kidneys of elderly people were more 
susceptible to hypoxic cell death than cells derived from younger persons (22). Not only 
sensitivity to ischemia is related to age, also age-related changes in the vulnerability to 
nephrotoxic agents, such as cisplatin (25,26) or sodium dichromate (24), have been 
reported. The mechanism by which cells derived from young animals protect themselves 
against hypoxic injury could be related to cellular alterations. In this respect, age-related 
changes have been reported in the amount and distribution of metal elements (37), the 
amount of reduced mitochondrial glutathione (38), osteopontin and nitric oxide synthase 
mRNA levels (22), protein synthesis (39), glycolytic activity (40), lipid composition (41), 
expression of antioxidant enzymes (42) and thickness (43,44) and composition of the 
basement membrane (44). Gaudio et al. (35) suggested that higher tolerance of PTs from 
immature rats was primarily due to their ability to maintain higher ATP-levels, as reported 
previously for brain (45). These authors described not only higher ATP-levels per mg 
protein in PTs from young animals, but also showed that ATP is better preserved during 
anoxia (35). These findings could be explained by a higher glycolytic activity in cells from 
young animals (46,47,48) or could be due to differences in cellular energy expenditure 
(49). 
The difference in sensitivity to hypoxia between PTs from rabbit and rat was even more 
pronounced than that between oPTs and yPTs. Species differences have been shown 
previously in a cardiac ischemia-reperfusion model (50), in myocardial stunning (51) and in 
purine metabolism during hypothermic ischemia of the myocardium (52). The present 
study is, to our knowledge, the first to address species differences in the response of 
renal tissue to hypoxia. 
Thus, differences in sensitivity to hypoxia between rats and rabbits, and between young 
and old rabbits may be due to intrinsic cellular characteristics of the cells. Alternatively, 
variations in the isolation procedure of the renal tubules could be of influence. Basement 
membrane material accumulates in the kidney cortex during aging and the composition of 
the basement membrane changes, with increasing amounts of type IV collagen (44). Also, 
cross-linkage of collagen changes with age (44). Since the isolation procedure of PTs is 
based on collagenase digestion, changes in collagen content and characteristics will 
affect isolation. Furthermore, in rats more interstitial tissue is present than in rabbits. 
Indeed, to obtain morphologically comparable suspensions from rats and rabbits (both 
young and old), the isolation protocol had to be adapted. Other reports comparing 
suspensions of PTs from rats with different ages, also described the need to use different 
isolation protocols (35). Since the effects of the collagenase digestion are not known to 
date, a possible interference of the collagenase treatment with the results should be kept 
in mind. In this respect, preliminary data suggested that collagenase treatment may 
enhance free radical formation (53). 
In any case, the stability and low vulnerability of PTs from young rabbits makes these 
tubules most suitable to study sequential processes in renal ischemia, and given these 
properties, they provide an excellent model system to study cold preservation injury 
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(unpublished data). However, for screening of protective agents the highly sensitive rat 
PTs may provide a suitable model (4,5,10,12). 
Prolonged periods of in vivo ischemia result in swelling of tubular segments (54). The 
administration of mannitol enhanced functional recovery after ischemia (32,55) and 
protected isolated rat tubular cells from hypoxia-induced injury (29), probably by 
preventing cell swelling. The present study revealed that isolated PTs from rabbit 
subjected to hypoxia showed an increase in average tubulus diameter, which could be 
inhibited by the cytoprotectant glycine. The method that was used to study tubulus 
diameter allowed simultaneous assessment of PTs viability by Trypan-blue staining. We 
observed that at all time points and at all conditions, the PTs could be divided into two 
populations: healthy and damaged tubules. Tubular injury as reflected by Trypan-blue 
staining strongly correlated with the increase in PTs diameter. Thus, hypoxia increased 
the number of damaged and swollen PTs, but had no effect on the diameter of the 
undamaged tubules. Glycine completely prevented cell death when added to hypoxic PTs 
and hence prevented the increase in average PTs diameter. Again, the diameter of healthy 
and damaged tubules remained unchanged, but the population of healthy PTs was 
preserved. Although the time resolution of the method is too poor to allow the detection of 
rapid swelling-induced cell death, these data suggest that cell swelling is the result rather 
than the cause of renal tubular epithelial cell injury. 
In conclusion, PTs isolated from rabbit are more stable during normoxic incubation and 
less susceptible to hypoxic injury than PTs from rat. Furthermore, PTs from young rabbits 
are less sensitive to hypoxia than PTs from older rabbits, which may be related to 
differences in cell metabolism. PTs from young rabbits are, therefore, particularly suitable 
to study sequential processes in renal ischemia and preservation injury. 
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Abstract 
Reactive oxygen species (ROS) are involved in reperfusion injury after preservation. 
Recent studies in isolated endothelial cells and hepatocytes suggested the occurrence of 
ROS-mediated injury during the period of cold incubation. In the present study, formation 
of ROS and subsequent cell injury were studied in freshly isolated rabbit proximal tubules 
(PT). PT were incubated in University of Wisconsin solution (UW), Euro-Collins or a 
modified Krebs-Henseleit buffer under aerobic conditions for up to 94 h at 4*C. ROS 
formation and cell death were assessed as lipid peroxidation (formation of thiobarbituric 
acid-reactive substances, TBARS) and release of LDH, respectively. The involvement of 
ROS was further investigated in UW using compounds that might interfere with ROS 
formation. In addition, tubules were studied under anaerobic conditions (gassing with 
95%N2/5%C02). Cold preservation of rabbit PT in any of the solutions under aerobic 
conditions caused progressive lipid peroxidation and concomitant cell injury. Addition to 
UW of inhibitors of ROS formation, in particular 2,2'-dipyridyl, or removal of oxygen by 
gassing with 95%N2/5%C02, prevented lipid peroxidation and protected rabbit PT against 
cold injury. Both the NO-synthase inhibitor L-NAME and dexamethasone, which blocks the 
inducible NO-synthase, were ineffective. The cytoprotectant glycine affected neither 
TBARS formation nor LDH release. Cold preservation of renal PT under aerobic conditions 
caused cell injury even in the specially designed preservation solution UW. Cell injury is 
caused by iron-dependent, NO-synthase-independent ROS formation. 
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Introduction 
The development of cold preservation techniques has greatly facilitated the use of 
organs, including kidneys, for transplantation. Improved understanding of the 
pathophysiological mechanisms that are involved in the injury that occurs during 
hypothermic preservation, has led to the development of better preservation solutions, 
such as the University of Wisconsin solution (UW). Important constituents of UW include 
cell impermeant agents (i.e. lactobionic acid and raffinose) that prevent cell swelling, a 
colloidal hydroxyethyl starch that inhibits formation of interstitial oedema, phosphate to 
attenuate acidosis and adenosine as a substrate for ATP regeneration after reperfusion 
(1, 2). However, even with UW, cold preservation time remains an important determinant of 
the occurrence of delayed graft function (3). This implies that cell injury during the period 
of cold ischemia results in decreased functional recovery after renal transplantation. 
It has been proposed that reactive oxygen species (ROS) initiate cell injury during 
reperfusion after cold preservation. Indeed, in the isolated perfused kidney model as well 
as in animal models of renal transplantation, it was shown that ROS formation occurred in 
the reperfusion phase (4-6). Renal injury during reperfusion was attenuated by superoxide 
dismutase (7, 8), hydroxyl radical scavengers or iron chelators (4, 6, 8). The potential 
toxicity of ROS has been the rationale to supplement UW with allopurinol and glutathione. 
Thus far, a beneficial effect of allopurinol in UW has not been proven (9). In contrast, 
glutathione contributed significantly to enhanced cell viability after cold storage and 
reperfusion in models of renal transplantation (10-13). 
In older studies it has been suggested that ROS are generated after cold storage and that 
cold preservation makes kidneys susceptible to lipid peroxidation, especially when they 
were flushed with saline (4-6, 14). However, the experimental design of these studies 
precluded discrimination between preservation-induced and reoxygenation-induced injury. 
Furthermore, these studies did not distinguish between oxygen deprivation-induced injury 
and cold-induced injury, since preservation of a flushed, intact organ implies a state of 
severe oxygen-depletion. The use of isolated cells has enabled researchers to study the 
effects of distinct experimental conditions during cold storage. Indeed, recent studies 
using liver endothelial cells and hepatocytes showed that cold incubation per se caused 
ROS-mediated cell injury, independent of reoxygenation (15-18). 
In the present study, we have addressed the question whether hypothermic preservation 
of renal cells results in ROS-formation and whether formed radicals contribute to 
preservation injury. Freshly-isolated rabbit proximal tubules (PT) were stored at 4'C in 
three different solutions (UW, Euro-Collins and a modified Krebs-Henseleit buffer) and 
both cell injury and lipid peroxidation were measured. In all preservation media generation 
of lipid peroxidation products and progressive cell injury were observed and could be 
prevented by the addition of an array of ROS scavengers. Furthermore, the removal of 
residual oxygen before incubation in both UW and EuroCollins prevented lipid peroxidation 
and concomitant cell injury. 
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Materials and methods 
I S O L A T I O N O F ΗΑΒΒΓΤ P R O X I M A L T U B U L E S 
New Zealand white rabbits of 5 to 6 weeks were killed, the kidneys removed and placed in 
ice-cold buffer A, containing (in mM): NaCI 112, NaHC03 20, KCl 5, CaCI2 1.6, Na2HP04 
2.0, MgS04 1.2, Glucose 5, HEPES 10, mannitol 10, l-glutamine 1, sodium butyrate 1 and 
sodium lactate 1. Buffer A had been gassed for minimally 30 min with 95%02/5%C02, and 
was adjusted on ice to pH - 7.05, which resulted in pH - 7.30 at 37'C. The isolation and 
experimental procedures took place at 4°C unless stated otherwise. The cortex was 
removed, minced on ice, washed 2x with buffer A and incubated in a 250 ml Erlenmeyer 
flask at 37°C in buffer A (60 ml for 2 rabbits) supplemented with collagenase (4.5 mg/60 ml; 
type A, Boehringer, Almere, The Netherlands) and (Hyaluronidase (4.5 mg/60 ml buffer, 
Boehringer). After approximately 6 and 11 min of incubation, the supernatant, containing 
digested fragments, was removed from the solution and centrifuged for 1 min at 50*g. The 
supernatant was returned to the Erlenmeyer flask and the pellet was resuspended in ice-
cold buffer A supplemented with albumin (1.5 g fatty-acid free albumin in 45 ml buffer, 
Albumin fraction V fatty acid free, Boehringer). After 1 5 - 2 0 min of warm digestion all 
material was centrifuged at 50*g for 1 min and the pellet incubated in albumin solution to 
neutralize the collagenase activity. Then the fragments were passed through a tea-
strainer and washed to remove the albumin. PT were purified using a Percoll-gradient, as 
previously described (19). Briefly, after centrifugation in a Sorvall RB-5B centrifuge 
(10 min, 14000*g, 4'C) PT were recovered from the lowest band, which contained no 
glomeruli, and was composed primarily (95%) of PT. The tubules were washed 3x to 
remove the Percoli. 
EXPERIMENTAL PROCEDURE 
The suspension of PT was divided into aliquots and centrifuged at 50*g for 1 min. The 
pellet was resuspended in the appropriate preservation solution at equal protein 
concentrations. Experiments with different preservation solutions were performed in 
parallel to prevent any bias from differences in tubulus quality per isolation. Viability of the 
tubules after isolation was ä 95%, as assessed by Trypan-blue exclusion. The following 
preservation solutions were used: 1) modified Krebs-Henseleit buffer (KHB), containing 
(in mM): NaC1106, NaHC03 20, KCl 5, CaCI2 1, Na2HP04 2, MgS04 1, Glucose 5, HEPES 
10, l-glutamine 2, sodium butyrate 10, and sodium lactate 4, which had been set to 
pH - 7.15 on ice, leading to a pH of 7.40 at 37*C; 2) Euro-Collins, containing (in mM): 
glucose 144, KH2P0415, K2HP04 42, NaHC03 10, KCl 15; and 3) UW (ViaSpan, Du Pont 
Pharma, Bad Homburg, Germany) supplemented with dexamethasone (Decadron, Merck 
Sharp & Dohme, Haarlem, The Netherlands), penicillin (Natrium-Penicillin G, Yamanouchi 
Pharma, Leiderdorp, The Netherlands) and insulin (Actrapid Penfill 3, Novo Nordisk 
Pharma, Zoeterwoude, The Netherlands). In some experiments, these supplements were 
not added and UW was used without (UW "basic") or with dexamethasone. Siliconized 
25 ml Erlenmeyer flasks were prepared with additives or with the appropriate controls. 
Additives were (final concentration; stock solution; solvent) the iron-chelator 2,2'-dipyridyl 
(2,2'-DPD; Sigma, Deisenhofen, Germany; 100 μΜ; 10 mM; water) and its non-chelating 
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analogue 4,4'-dipyridyl (4,4'-DPD; Sigma, Deisenhofen, Germany; 100 μΜ; 100 mM; 
water), the scavenging flavonoids silibinin (Madaus, Cologne, Germany; 200 μΜ; 20 mM; 
ethanol) and quercetin (Sigma, Deisenhofen, Germany; 10 μΜ; 10 mM; ethanol), the spin-
trap 5,5 dimethyl-1-pyrroline /V-oxide (DMPO) (Sigma, Deisenhofen, Germany; 50 mM; 
5 M; water), the competitive NO synthase antagonist NG-nitro-L-arginine methyl ester 
(L-NAME, Bachern, Bubendorf, Switzerland; 50 mM; 5 M; water), and the cytoprotective 
amino acid glycine (2 mM; 400 mM; water). Aliquots of PT suspension (3 to 6 ml), 
containing typically 1.5 - 3.0 mg protein/ml) were placed in Erlenmeyer flasks (25 ml), 
which were then gassed for 5 min with 95%Cy5%C02 or 95%N 2/5%C02 and sealed with 
rubber stoppers. The flasks were incubated at 4'C on a shaking platform (60 rpm) for the 
indicated period of time. Sampling was performed as rapidly as possible and was followed 
by 5 min gassing with the appropriate gas. 
PARAMETERS 
At the indicated time points, homogenous samples of the suspension (0.5 ml) were taken 
to assess cell death and lipid peroxidation. Cell injury was assessed by measuring the 
release of the enzyme lactate dehydrogenase (LDH). Increased release of LDH indicates 
complete loss of cell membrane integrity and reflects irreversible injury. LDH-activity in the 
supernatant was expressed as a percentage of total LDH-activity (20). Lipid peroxidation 
was used as a marker for free radical generation. Lipid peroxidation was assessed as the 
formation of thiobarbituric acid-reactive substances (TBARS) and determined in the 
suspension using the assay described by Noll et al (21) with minor modifications (17). 
Since UW produced a yellowish product in the assay, calibration curves with and without 
UW were measured daily, using 1,1,3,3-tetramethoxypropan (Fluka, Neu-Ulm, Germany) 
as a standard. The amounts of TBARS formed were expressed as malondialdehyde 
equivalents (MDA) per mg protein. 
CHEMICALS 
Hepes was obtained from Research Organics Inc. (Cleveland, Ohio, USA). Silibinin was a 
gift from Madaus (Cologne, Germany). All other chemicals were obtained from Merck 
(Darmstadt, Germany) or Sigma (St. Louis, Ohio, USA) except when stated otherwise. 
STATISTICS 
Multiple group comparisons were performed using analysis of variance, with post-tests 
according to Bonferoni (Statview 4.01, Superanova v1.11, Abacus Concepts, Inc., 
Berkeley, CA). Correlation was calculated according to Pearson. Values are given as 
means ± standard error of the mean. A Ρ value less than 0.05 was considered statistically 
significant. 
Results 
Cold preservation of rabbit proximal tubules in UW led to a time-dependent increase in cell 
death, as reflected by LDH-release (fig 1a). The occurrence of cell injury was parallelled by 
an increase in lipid peroxidation, as indicated by the formation of TBARS (fig 1b). 
Formation of TBARS had increased within 22 hr of cold preservation, the first time-point of 
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sampling The addition of the iron-chelator 2,2'-DPD to UW prevented TBARS formation 
and afforded almost complete protection against cold preservation-induced injury (fig 1a 
and 1b) Cold incubation after gassing the suspension with 95%N2/5%C02 also prevented 
injury and TBARS formation (fig 1a and 1b). 
b 
* • * 
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Fig 1a and 1b LDH release and TBARS formation during cold storage in University of Wisconsin solution 
Rabbit PT were stored for 94 h in cold U W under aerobic conditions without further addition (controls, filled 
circles), with 100 μΜ of the iron-chelator 2,2'-DPD (open circles) or after gassing with 95%N 2/5%СОг 
(square) Samples for LDH release and TBARS formation were taken after 22, 46, 70 and 94 h After 
sampling all flasks were gassed with the appropriate gas for 5 min Data are expressed as the percentage of 
LDH activity released in the supernatant (a) or as μτηοΙ MDA equivalents per mg protein (b) and are given 
as means ± SEM of 4 or 5 experiments a p<0 01 vs control 
When tubules were incubated in Euro-Collins solution instead of UW, cell injury was more 
prominent, occurred earlier (fig 2a, Ρ < 0.01 for Euro-Collins vs UW at all time points) and 
was related to higher TBARS formation (fig 2b, 2 68 ± 0.30 цгтюі/тд protein vs 1 39 ± 0.15 
цтоі/тд protein at 94 h of incubation in Euro-Collins and UW, respectively, Ρ < 0.01). The 
addition of 2,2'-DPD prevented TBARS formation and inhibited LDH-release (fig 2a and 2b) 
When using modified KHB instead of UW, a different pattern of injury was observed (fig 3a 
and 3b) Again, cold preservation caused cell injury. However, TBARS formation in PT 
stored in KHB was less than observed in PT stored in either UW or Euro-Collins (TBARS 
formation 0 98 ± 0 09 цтоі/тд protein after 94 h, Ρ < 0 01 vs Euro-Collins, fig 3b) Addition 
of 2,2'-DPD only partially attenuated cold-preservation injury (LDH-release 45.6 ± 1.4% vs 
23 6 ± 3.0% for 94 h of incubation without and with 2,2*-DPD, respectively, Ρ < 0 01, fig 
3a). When PT were incubated in KHB gassed with 95%N2/5%C02, no protection was 
observed (LDH-release 45 4 ± 4.5% after 94 h, NS from control), despite complete 
inhibition of TBARS formation (TBARS formation 0 83 ± 0.13 μητοΙ/mg protein vs -0.08 ± 
0 08 цтоі/тд protein after 70 h of aerobic control and 95%N2/5%C02, respectively, 
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Fig 2а and 2b LDH release and TBARS formation during cold storage in Euro-Collins Rabbit PT were 
stored for 94 h under aerobic conditions in cold Euro-Collins without further addition (filled circles) or with 
100 μΜ 2,2-DPO (open circles) Samples for LDH release and TBARS formation were taken after 22, 46, 
70 and 94 h After sampling all flasks were gassed with 95%Ог/5%СОг for 5 mm Data are expressed as 
the percentage of LDH activity released in the supernatant (a) or as μτηοΙ MDA equivalents per mg protein 
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Fig За and 3b LDH release and TBARS formation dunng cold storage in modified KHB Rabbit PT were 
stored for 94 h under aerobic conditions in cold KHB without further addition (filled circles) or with 100 uM 
2¿'-DPD (open ardes) Samples for LDH release and TBARS formation were taken after 22, 46,70 ana 94 
h After sampling all flasks were gassed with 95%Ог/5%СОг for 5 mm Data are expressed as the 
percentage of LDH activity released in the supernatant (A) or as μπιοΙ MDA equivalents per mg protein (B) 
and are given as means ± SEM of 4 or 5 experiments a p<o 01 vs control, ь p<o 05 vs control 
When the data for all solutions and sampling points were combined, we observed a good 
correlation between 2,2'-DPD inhibrtable TBARS formation and protection by the iron 
chelator as reflected by the decrease in LDH release (fig 4) 
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Fig 4: Correlation between 2,2'-DPD-
inhibitable LDH release and TBARS 
formaten. Rabbit FT were stored for 94 h 
under aerobic conditions in cold UW, 
Euro-Collins or KHB without further 
addition or with 100 μΜ 2,2'-DPD. 
Samples for LDH-release and TBARS 
formation were taken after 22,46,70 and 
94 h. After sampling all flasks were 
gassed with 957вОг/5%СОг for 5 min. 
For each sampling point and for each 
preservation solution the 2,2'-DPD-
inhibi table LDH release and concomitant 
inhibitable TBARS formation was 
calculated. Each data point represents the 
mean of 3 to 5 experiments. SEMs are 
omitted for clanty. 
To further substantiate the role of radicals in cold preservation-induced injury, a second 
set of experiments was performed. LDH-release and TBARS formation were studied after 
70 h of cold preservation in UW. ROS scavengers such as the f lavonoids silibinin (200 μΜ) 
and quercetin (10 μΜ), and the spin trap DMPO (50 mM) completely prevented TBARS 
formation (fig 5b) and were strongly protective against preservation-induced cell death (fig 
5a). The non-iron-chelating analogue 4,4'-DPD, which served as a control for 2,2'-DPD, 
had no effect on preservation-induced LDH-release (fig 5a) or TBARS formation (fig 5b). 
None of the appropriate controls (0.1% and 1% ethanol) had a significant effect on either 
LDH-release or TBARS formation after 70 h of cold preservation (LDH-release 36 ± 2%, 
38 ± 3% and 35 ± 3% for control, 0.1% and 1% ethanol, respectively, NS from control. 
TBARS formation 1.32 ± 0.22 μπιοΙ/mg protein, 1.15 ± 0.12 μΐΓΐοΙ/mg protein and 
0.88 ± 0.16 μιτιοΙ/mg protein for control, 0.1% and 1% ethanol, respectively, NS from 
control). 
Because of its suggested involvement in warm hypoxia-induced injury in rat PT (22), a 
possible role of increased NO-production in cold injury was investigated using the 
NO-synthase inhibitor L-NAME (50 mM). Furthermore, the effect of the standard UW 
constituent dexamethasone, which blocks the inducible Ca 2 + independent NO-synthase 
(23, 24), was studied. L-NAME did not affect either LDH-release or TBARS formation (fig 
5a and 5b). The results with dexamethasone argue against a role for the inducible 
NO-synthase (LDH-release 40 ± 2% vs 44 ± 4% and TBARS formation 1.57 ± 0.07 μπτοΙ/mg 
protein vs 1.50 ± 0.12 μιτιοΙ/mg protein for 96 h of incubation in UW 'basic" and UW 'basic" 
+ dexamethasone, respectively, NS). 
The amino acid glycine, in the millimolar range, completely protects isolated PT against 
hypoxic injury at 37*C (25, 26). Therefore, its effect on cold preservation induced cell 
injury was studied. Glycine (2 mM) prevented neither cell injury nor lipid peroxidation after 
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Fia 5а and 5b Effect of additives on LDH release and TBARS formation during cold storage in University of 
Wisconsin solubon Rabbit PT were stored in cold UW under aerobic conditions without further additions 
(C), or in the presence of 200 μΜ silibinm (Sill), 10 μΜ quercebn (Que), 50 m M DMPO (DMPO), 100 μΜ 
2,2*-DPD (2,2"), 100 μΜ 4,4'-DPD (4,4'), 50 mM L-NAME (L-N) or2 mM glycine (gly) After 70 h samples 
for LDH release and TBARS formation were taken Data are expressed as the percentage of LDH activity 
released in the supernatant (a) or as μπιοΙ M DA equivalents per mg protein (b) and are given as means ± 
SEM of 4 to 8 experiments a p<o 01 vs control 
Discussion 
Cold preservation of isolated rabbit proximal tubules in UW was associated with 
progressive cell injury Cell injury correlated with lipid peroxidation. Furthermore, the 
addition of ROS scavengers prevented lipid peroxidation completely and strongly 
attenuated cell death. These results provide further evidence for the notion that cell injury 
occurs during hypothermic preservation and that this injury is mainly due to free radical 
formation (17,18,27). 
ROS are constantly formed in biological systems and can be removed by enzymatic and 
non-enzymatic defense systems, such as superoxide dismutase, catatase and 
glutathione (GSH) (28). Increased oxidative stress, resulting from either an impairment of 
the function of the respiratory chain or a decrement of antioxidant defense mechanisms, 
may lead to tissue injury via alterations or destruction of biologically vital molecules, such 
as proteins, lipids or DNA (28). 
In general, it is thought that ROS formation is particularly relevant in the reperfusion phase 
of organ transplantation, which is considered the most critical phase with respect to the 
induction of cell injury. Indeed, after reperfusion of cold-preserved kidneys ROS formation 
was increased (4-6). Agents such as superoxide dismutase (7, 8), hydroxyl radical 
scavengers and iron chelators (4, 6, 8) have been used with apparent success in 
preventing reperfusion injury, implying the involvement of ROS such as superoxide, 
hydrogen peroxide and the hydroxyl radical ( OH). 
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Already a decade ago, ¡1 was suggested that ROS formation might not be restricted to the 
reperfusion phase of renal transplantation. Green et al. have suggested that a period of 
cold ischemia increased the susceptibility to lipid peroxidation (5). In their studies, lipid 
peroxidation was most prominent when kidneys were stored in 0.9% NaCI, but even after 
storage in hypertonic citrate buffer increased formation of Schiff bases and TBARS were 
observed (5, 6,14). Formation of these lipid peroxidation markers could be inhibited by the 
iron-chelator desferoxamine (4, 6). Measurements of lipid peroxidation were, however, 
performed in renal tissue homogenates incubated under aerobic conditions at 37'C for 60 
min (5, 6, 14), which allows additional lipid peroxidation (27). Recent work with cultured 
endothelial cells (15-17) and hepatocytes (18) indicated that hypothermic preservation per 
se can induce ROS-mediated cell injury, independent of reoxygenation. The 
measurements cited above (5, 6, 14) do not allow to discriminate between preservation-
induced and reperfusion-induced injury and lipid peroxidation. These studies were 
performed using whole kidneys, flushed with preservation solution (5, 6, 14), an approach 
that rapidly leads to (^-depletion, because of the low 0 2 solubility of these solutions and 
the high 02-consurning capacity of the kidney. Thus, it is unclear whether lipid 
peroxidation and injury were related to cold storage per se or due to 02-depletion and 
subsequent reoxygenation. We have used isolated rabbit PT as a model to study cold 
preservation injury in renal tissue. The present study clearly shows that cold preservation 
induced progressive cell injury in all solutions. The profound effects of DM PO, silibinin, 
quercetin and 2,2'-DPD provide evidence that the cold-induced injury is due to reactive 
oxygen species that are formed during cold incubation. Furthermore, the removal of 
residual oxygen by gassing the suspension with 95%N2 /5%C02 prevented lipid 
peroxidation and concomitant cell injury in both UW and EuroCollins. Finally, the role of 
reactive oxygen species is confirmed by the strong correlation between lipid peroxidation 
(TBARS formation) and cell injury (LDH-release), as shown in figure 4. 
Although most scavengers are of limited specificity (29), the profound protection by the 
iron-chelator 2,2'-DPD (and the absence of protection by its non-chelating counterpart 
4,4'-DPD) points toward an involvement of the hydroxyl radical (OH), formed through the 
iron-catalyzed Haber-Weiss reaction (2Θ-30). Furthermore, all scavengers used are able 
to inhibit OH formation or scavenge OH radicals (17, 31, 32). In particular silibinin reacts 
rapidly with OH, and is not a good scavenger of superoxide or hydrogen peroxide (32). 
However, because of the high reactivity of the OH radical, the concentration of scavenger 
required to effectively detoxify OH is estimated in the range of 100 mM (17, 28). Silibinin 
was already protective in the micromolar range, suggesting a non-hydroxyl radical-
scavenging mechanism for protection in our studies. In this respect, silibinin has iron-
chelating capacities and could, therefore, also prevent the iron-dependent formation of 
•OH radicals (32). 
Thus, redox-reactive iron may be important in OH-mediated injury occurring during cold 
preservation as well as during reperfusion. Healing ef al (30) showed that the levels of 
desferrioxamine-available iron were increased after cold storage of rabbit kidneys in 
hypertonic citrate without loss of total tissue iron, indicating a redistribution of iron to more 
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accessible pools within the tissue. Increased biochemical availability of iron during cold 
storage might explain the enhanced OH radical formation during cold preservation (30). 
The low temperature itself may be important as well, since a decrease in temperature 
stimulated iron-induced lipid peroxidation in isolated renal cortical brush border membrane 
vesicles (33), which was not caused by higher availability of the iron. Horton et al 
speculated that a decrease in temperature could exert its effect by altering the 
biophysical properties of the bilayer, such as membrane fluidity or the distribution of 
various molecular species within the plane of the membrane (33). 
It has recently been demonstrated that nitric oxide (NO) is formed in hypoxic rat PT and 
that the NO-synthase inhibitor L-NAME protected against cell injury in this model (22). NO 
can react with superoxide, resulting in the formation of the peroxynitrite anion, which is a 
strongly oxidizing agent itself and forms OH radicals after protonation in an iron-
independent reaction (28). Since neither L-NAME nor dexamethasone had a protective 
effect on cell injury or lipid peroxidation during hypothermic preservation, formation of 
ROS in our studies is independent of NO-synthase activity. 
The small amino acid glycine has been shown to be protective in many models of warm 
renal ischemia (26, 34, 35). Protective effects of glycine have also been observed in 
preservation-reperfusion injury, although protection was mainly studied in the rewarming 
or reperfusion phase (13, 36-38). Our data show that glycine does not affect LDH release 
or the formation of TBARS in cold-preserved rabbit PT. These observations agree with the 
data of Sogabe er al, who showed that glycine hardly protected against tert-butyl 
hydroperoxide-induced, iron-dependent cell death in isolated rabbit PT incubated under 
normothermic conditions (39). 
Enhanced cell death and TBARS formation occurred in all preservation solutions, although 
to a different extent. In UW injury was predominantly ROS-dependent, suggesting that the 
UW components glutathione and allopurinol are ineffective and unable to prevent ROS 
formation and oxidative injury. In EuroCollins solution cell injury was also predominantly 
ROS-dependent, and occurred to a much larger extent than in UW. This latter observation 
could point to some protective ability of GSH or allopurinol. The beneficial effects of 
allopurinol have been questioned (9), and in cold preservation injury of cultured liver 
endothelial cells allopurinol did not provide any protection (Rauen et al., personal 
observation). The role of glutathione remains unclear, in part because of the complex 
relationship between reduced glutathione (GSH), oxidized glutathione (GSSG) and the 
constituent amino acid glycine. During cold renal preservation intracellular GSH levels 
drop. This decrease of kidney GSH content could be prevented by the addition of GSH or 
its constituent amino acids to the perfusion solution, whereas addition of oxidized GSSG 
had no effect (40). UW solution contains GSH; however, this GSH is rapidly oxidized, so 
that UW which has been stored for several weeks does no longer contain GSH. The 
absence of reduced glutathione thus might explain the inability of UW to prevent ROS-
formation. Indeed, Southard et al. demonstrated that the addition of fresh GSH to UW at 
the start of rewarming and reoxygenation of kidney tubules attenuated LDH-release and 
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improved ATP-regeneration (11). The use of GSSG was also associated with improved 
viability of tubules (10). However, these apparent beneficial effects of GSH and GSSG are 
only observed during rewarming and reperfusion, and the relevance of these data for cold-
preservation injury can be questioned. As mentioned above, GSSG is not protective 
during cold preservation (40). Also, Weinberg et al. have unequivocally demonstrated that 
the ability of GSH to attenuate warm ischemic injury in rabbit kidney tubules is related to 
the formation of glycine, a major cytoprotective agent, rather than to the regeneration of 
intracellular GSH (25). Furthermore, addition of fresh GSH did not prevent or attenuate 
cold-preservation injury of liver endothelial cells (Rauen et al., unpublished results). Taken 
together, the importance of GSH in the prevention of cold-preservation injury remains to 
be proven. 
Another explanation for the differences in ROS-generation and cell injury between the 
EuroCollins and UW solutions may be found in differences in the composition of the 
preservation fluids. UW solution contains more effective osmolytes, whereas EuroCollins 
is largely composed of glucose. In this respect, cold-induced cell injury in liver endothelial 
cells was found to be energy-dependent, i.e. injury was highest when ATP levels were high 
(16). 
In KHB cell injury occurred partly independent from TBARS formation, since 2,2'-DPD was 
unable to completely prevent cell death. This implies that in KHB cell injury during cold 
preservation is, at least partly, independent from ROS-formation. Furthermore, removal of 
residual 0 2 by gassing the preservation solution with 95%N2/5%C02 did not protect 
against cell injury. In line with our data, it has been shown that KHB offers little protection 
against energy-deficiency injury (16). 
At first sight, our study seems to contrast with studies showing no or only very limited cell 
injury during cold preservation of PT (10, 11, 38) or hepatocytes (11, 41). However, 
hypothermic storage in those studies was performed under oxygen-deprived conditions, 
which is also protective in our experiments. Secondly, in those studies cells were 
suspended at higher concentrations and were allowed to settle during preservation. This 
could lead to a more rapid consumption of residual oxygen and could affect environmental 
pH, which was protective against hypoxic injury in rabbit PT (35). Finally, the authors 
added PEG 8000 during cold preservation to prevent swelling, but this agent has been 
shown by Mack et al (41 ) to suppress lipid peroxidation in hepatocytes. Thus, previous 
experiments have been carried out under conditions that interfere with the development of 
cold-induced injury. We do acknowledge that it is unknown if the oxygen content of 
preservation fluids used during cold storage of organs for transplantation will allow the 
formation of ROS. The development of very sensitive G^-probes will be helpful to further 
elucidate the role of the exact oxygen content in the induction of ROS-mediated injury 
during cold preservation. However, even in the absence of oxygen, cold-induced cellular 
alterations (such as the redistribution of intracellular iron) might contribute to ROS-release 
upon reperfusion, in addition to the ROS-release due to hypoxia/reoxygenation. In this 
respect, rewarming and reoxygenation of liver endothelial cells after preservation in 
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95%N^5%C02-gassed UW led to injury of similar time course and extent as rewarming of 
the cells after cold aerobic incubation (27). Studying the cellular alterations that occur 
during the period of cold storage and delineating the mechanisms of cell death is, 
therefore, crucial for the development of improved transplantation procedures. Especially, 
the results of continuous perfusion, which has been used as an alternative preservation 
technique in order to prevent hypoxia during preservation, might be jeopardized by cold-
induced ROS-formation. 
In conclusion, our data show that hypothermic storage inflicts lethal injury upon isolated 
proximal tubules, even when preserved in UW. Injury is mediated by reactive oxygen 
species, presumably hydroxyl radicals, whose formation is iron-dependent. This type of 
injury seems to be a widespread feature of hypothermic storage, since endothelial cells 
and hepatocytes have been shown to behave similarly (16-18). Future studies should be 
conducted to confirm the involvement of the hydroxyl radical in this type of injury, and to 
assess whether a similar sequence of events takes place during preservation of the intact 
kidney. Furthermore, the effects of cold-induced ROS-release during reperfusion should 
be further investigated. 
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The studies described in this thesis show several points. 
1. Cytosolic calcium 
I. FIRST, it was confirmed (Weinberg 1991, Rose 1994) that a rise in cytosolic calcium 
([Ca2+]|) is not necessary for ischemic renal injury to occur. In our hands, this was first 
suggested by the calcium-independence of the protective effect of the calcium channel 
blocker felodipine (CHAPTER 2) and was further confirmed in isolated superfused proximal 
tubules (CHAPTER 3): both hypoxia and anoxia resulted in increased cell mortality 
compared to the normoxic control, but only anoxic tubules showed an increase in [Ca2+]|. 
II. SECONDLY, this thesis shows that [Ca2+]¡ is dependent on the P02 and the matching 
mitochondrial membrane potential (CHAPTER 3). At an experimental P02 of 5.5-6.5 mm Hg, 
rat proximal tubules were still capable of regulating their [Ca2+]¡, whereas complete 
02-deprivation, by the introduction of Oxyrase, induced an increase in [Ca
2+]|. Thus, 
somewhere between 0 mm Hg and 5 mm Hgthe P02 gets critically low. This finding could 
explain the different results obtained by our research group and those reported by the 
group of Dr. R.W. Schrier in Denver, USA (Kribben 1994, Almeida 1992, Edelstein 1996). 
The group in Denver may have achieved lower 0 2 concentrations than we do, simply 
because the air pressure there is lower. Hence, their measurements may have been 
performed just below the critical P02 , resulting in a collapse of the mitochondrial 
membrane potential and a subsequent increase in [Ca2+]¡. Unfortunately, the experiments 
performed by Kribben et al. (Kribben 1994) do not include assessment of the mitochondrial 
membrane potential. 
The finding that hypoxic superfusion (P02~ 5.5 mm Hg) does not induce an increase In 
[Ca2+]|, is in close agreement with our calcium influx measurements, using the 
Mn2+-induced quenching of fura-2 fluorescence, as described in CHAPTER 4. Summarizing, 
we think that the following occurs in hypoxic rat proximal tubules: hypoxia rapidly impairs 
oxidative phosphorylation (as shown by a rapid increase in NADH fluorescence, CHAPTER 
3), leading to ATP-depletion. Calcium extrusion is impaired and hence, calcium influx will 
be minimalized (as shown by the Mn2+-induced quenching of fura-2 fluorescence, CHAPTER 
4), but intracellular calcium will still be buffered by energized mitochondria. 
All these experiments have been performed using one single model system: individual, 
superfused rat proximal tubules. Comparison with other data is hampered by several 
facts. First, calcium influx studies in hypoxic proximal tubules were previously performed 
using 45Ca2+ uptake (Almeida 1992), which precludes to discriminate between calcium 
influx and binding to the membrane. Secondly, those studies were performed in flasks 
containing suspensions of isolated proximal tubules, which impedes the study of 
responses of individual tubules. Furthermore, the experimental P02 rapidly changes 
during calcium uptake experiments, because of the presence of oxygen-consuming cells. 
III. THIRDLY, this thesis shows that calpain activity during hypoxia is increased and that 
glycine prevented this increase (CHAPTER 5). However, we only detected increased calpain 
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activity when LDH-release had occurred, i.e. when cell mortality was increased. Therefore, 
the increase in calpain activity is likely to be a postlethal effect, and could be due to either 
1) an abundant, non-specific influx in calcium, or to 2) an efflux of cytosolic proteins, 
giving rise to increased specific activity of calpain (protease activity is expressed per mg 
protein). Furthermore, 3) the leakage of the cytosolic calpain-inhibitor calpestatine could 
contribute to increased calpain activity seen in hypoxic proximal tubules. Preliminary data 
indeed show that calpain activity is inversely correlated to the amount of catastatine 
present (as assessed by PAGE and Western blotting). The protective effect of glycine 
could be related to all these possible postlethal events. Preservation of the plasma 
membrane integrity would indeed prevent the influx of excessive calcium, but also the 
leakage of cytosolic proteins, including calpestatine. 
The finding that calpain activity after 7.5 min of hypoxia (prelethal) had not increased, is in 
line with the fact that [Ca2+]| remains stable during hypoxia (as shown in CHAPTER 3). In 
contrast, the group of Dr. R.W. Schrier in Denver reported an increase in calpain activity at 
7.5 min of hypoxia, before LDH-release had significantly increased. In their experiments 
[Ca2+]| must, therefore, have increased prior to the release of LDH. It is possible that the 
proximal tubules in those experiments were permeable to calcium, but not to the much 
larger LDH-molecules. More plausible is an explanation related to the lower air pressure in 
Denver. An experimental PO2 just below the critical point will induce an increase in [Ca2+]¡, 
and hence activate calpain. 
In conclusion, the experimental P02 at which experiments are performed may be decisive 
for cytosolic calcium equilibrium, subsequent protease activation and thus the 
pathological pathway by which cell injury occurs. The single tubulus experiments clearly 
show that hypoxic cell death can occur without an increase in cytosolic calcium. However, 
conditions in the flask model are not stable and hence preclude the exact investigation of 
the pathophysiological pathways that are involved in renal hypoxic injury. Future 
experiments may include the simultaneous assessment of different parameters (e.g. P0 2 , 
mitochondrial membrane potential, [Ca2+]|, protease activity, cell viability) in individual 
cells or tubules under well-defined and constant conditions. Preliminary efforts to measure 
the cleavage of fluorescent proteolytic substrates with quantitative fluorescence 
microscopy did not produce acceptable results. However, the development of new 
substrates with suitable cleavable fluorescent groups should enable the study of the 
involvement of proteases in the induction of hypoxic cell injury. Improved experimental 
set-ups that allow controlled superfusion of buffers with a clamped, low P0 2 will facilitate 
further studies on the correlation between cellular P02, cytosolic calcium and cell death. 
2. Glycine 
Although glycine provides profound protection against oxygen depletion-related insults in 
isolated proximal tubules, the mechanism by which protection occurs, remains unknown to 
date. Glycine does not have any effect on [Ca2+]|, intracellular K+ or ATP levels, fatty acid 
accumulation, activation of phospholipases and protection is also not mediated by 
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conversion of glycine to glutathione or other metabolites. This thesis confirmed that 
glycine protected both rat and rabbit proximal tubules against hypoxia-induced cell death 
(CHAPTER 7), without affecting intracellular K+ levels (CHAPTER 7) or [Ca2+]¡ (CHAPTER 3). 
First, we studied whether glycine could protect rat proximal tubules by affecting 
proteolytic activity during hypoxia (CHAPTER 5). Although hypoxia-induced proteolytic 
activity could be prevented by the addition of glycine, we feel that this inhibition does not 
represent a specific effect, but rather reflects the prevention of plasma membrane injury. 
The results described in CHAPTER 6 show that the protective effect of glycine is not 
mediated by non-specific membrane-stabilization. Interestingly, of all agents studied in 
the erythrocyte model, only those compounds that proposedly interact with a receptor 
were protective in proximal tubules without having non-specific membrane-stabilizing 
ability in erythrocytes. It has been proposed (Miller 1993) that a glycine-receptor, partly 
similar to the strychnine-sensitive glycine-receptor found in brain, is coupled to a chloride 
channel, which is opened during hypoxia and would be responsible for chloride influx. This 
would ultimately lead to cell death. The evidence in favor of this theory includes: reported 
binding of glycine and strychnine to the plasma membrane of rabbit proximal tubules, 
increased chloride influx during chemical hypoxia, inhibition of chloride influx which 
coincided with protection, the presence of a subunit of the brain glycine-receptor in 
kidney, and protection of receptor agonists/antagonists against chemical hypoxia. Thus, 
according to Dr. R.G. Schnellmann, cell death is the ultimate result of cell swelling. The 
addition of glycine would prevent this cell swelling and hence prevent cell death. The 
results presented in CHAPTER 7 seem to support this idea: rabbit proximal tubules do 
exhibit an increased diameter during hypoxia, which is prevented by the addition of 
glycine. However, we have no evidence to suggest that cell swelling precedes cell injury or 
cell death. In fact, only damaged tubules (Trypan-blue positive) were swollen. Since 
glycine prevents cell injury, it will attenuate the increase in cell volume that occurs when 
the plasma membrane is damaged. This interpretation would argue against a role for cell 
swelling in the induction of cell injury: cell swelling would not cause, but merely reflect cell 
death. However, the limitations of the method should be kept in mind: pictures of 
suspensions stained with Trypan-blue are taken and analyzed. The whole procedure is far 
too slow to detect rapid sequences. Hence, if swelling is a relatively late phenomenon in 
the injury cascade or rapidly leads to cell death, the method used would never allow timely 
registration of this event. 
The results reported in CHAPTER θ show that glycine does not protect against cold 
preservation-induced injury. Clearly, cell damage at 4'C is different from the type of 
damage that occurs at 37'C. We feel that this argues in favor of a more specific way by 
which glycine exerts its protective effect: any agent that just generally closes holes in the 
plasma membrane would also protect against cold-induced LDH-leakage. The fact that 
lipid peroxidation (marker for the formation of reactive oxygen species) occurred in the 
cold, but was absent at 37"C, together with the observation that glycine did not protect 
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against oxidative injury (Sogabe 1996), suggest that glycine's protection is limited to a 
specific injurious pathway, that occurs during warm ischemia. 
It remains questionable, however, whether the in vitro findings of glycine protection are 
relevant for the in vivo ischemic situation. In vivo intracellular glycine concentrations are 
estimated around 10 mM (Wetzels 1993a). After an ischemic insult, glycine diffuses out of 
the cells and distributes in a small extracellular space, resulting in glycine levels above 
1.0 to 1.5 mM (Wetzels 1993a), enough to provide complete protection against hypoxia in 
vitro (Weinberg 1987). It has been suggested that in vitro models represent an 
unphysiological glycine-depleted situation that has been rendered more sensitive to injury 
(Weinberg 1991a). Indeed, glycine infusion before and during an in vivo ischemic insult did 
not alter renal injury or functional recovery in rats (Wetzels 1993a). In view of these 
findings, one might consider to perform future studies with isolated proximal tubules in the 
presence of glycine, as proposed by Weinberg (Weinberg 1991). However, we feel that an 
understanding of the mechanism by which glycine increases cellular resistance to 
ischemia, may be important for the development of treatments against ischemic injury in 
clinical situations. 
3. Model systems 
A third point that is emphasized in this thesis is the importance of the chosen model 
system. The studies described in this thesis are primarily performed using isolated rat or 
rabbit proximal tubules. The results presented in CHAPTER 7 show that tubules isolated 
from rat are more sensitive to hypoxia than those derived from rabbit. Species differences 
may be related to dissimilar metabolism (as reflected by a differential NADH response to 
hypoxic superfusion, unpublished data) or to dissimilar structural integrity of rat and rabbit 
proximal tubules. 
Whether the reported differences between rat and rabbit proximal tubules reflect a 
physiological difference that exists in vivo is unknown, since differences in the isolation 
procedures of tubules from rat and rabbit could (partly) explain the differential 
sensitivities. First, in contrast to rabbits, rats were anaesthetized and their kidneys were 
perfused before collecting cortex material. Some preliminary evidence suggests that 
perfusion itself could be deleterious to renal tissue (unpublished results). However, 
perfusion damage does not necessarily affect the quality of the resultant suspension, 
since the isolation protocol contains several steps to remove damaged tubules. A second 
difference between the isolation of rabbit and rat tubules is the amount of collagenase and 
Hyaluronidase used in the digestion mixture. To obtain comparable suspensions, the 
amount of digestive enzymes was over 4 times higher in rat and digestion took longer (30 
min vs 15 min, for rat vs young rabbit). Although the resultant suspensions were 
morphologically comparable (pictures CHAPTER 7), the impact of the isolation procedure on 
the quality of the tubule suspension can not be estimated and should, therefore, be 
considered. We are aware of the fact that collagenase treatment may interfere with the 
experimental outcome of the study. In this respect, collagenase treatment induced the 
129 
Chapter 9 
production of free radicals (Gwinner 1996) and changed the culturing characteristics of PT 
compared to microdissected PT (Kreisberg 1988). We have performed some experiments 
to study the effect of collagenase treatment on subsequent sensitivity of rat proximal 
tubules to hypoxia. To obtain enough material to perform experiments, but at the same 
time be able to vary the collagenase treatment, we divided the digestion in two steps. 
First, a normal warm collagenase digestion was performed for only 20 min and proximal 
tubules were subsequently purified using a Percoli gradient. Then, tubules were aliquoted, 
subjected to variable periods of collagenase digestion, using only 50% of the original 
collagenase concentration, and finally incubated under normoxic or hypoxic conditions. 
We were unable to detect significant differences in LDH-release or intracellular K+ levels 
after either normoxic or hypoxic incubation between different groups of tubules. In this 
respect, it should be mentioned that rat cortex (before warm collagenase) contained 
approximately 2 μπη hydroxyproline per mg dry weight, whereas the hydroxyproline content 
of the tubules after warm collagenase-treatment varied between only 0.01 and 0.1 цд/mg 
dry weight (0.5% - 5% of "original"). 
Not only the species of the laboratory animal used influenced the results, also the age of 
the animal was important (CHAPTER 7). The observed enhanced susceptibility of tubules 
from older rabbits to hypoxic incubation is in line with other reports. However, we can not 
conclude that age-dependent differential sensitivity represents a normal physiological 
phenomenon in rabbits. Again, collagenase treatment of renal cortex from older rabbits 
had to be prolonged to obtain comparable suspensions (CHAPTER 7), which implicates that 
the digestion method is not the same between the two groups. 
The choice of the experimental animal (the donor for proximal tubules) should be 
dependent on the scientific question which one wants to answer. Because of their high 
susceptibility to hypoxia, rat tubules may be suitable to screen for protective potency of 
different drugs (CHAPTER 2) and to identify rapid changes (CHAPTER 5). Furthermore, 
loading of rat tubules with relatively "easy" probes (fura-2, rhodamine 123, BCECF) is 
possible. In combination with the swift effects observed after hypoxic superfusion, 
quantitative fluorescence recordings are feasible, because bleaching or leakage of the 
probe are not limiting factors. Rabbit proximal tubules on the other hand can be easily 
loaded with more "difficult" probes, such as SBFI (for examples of loading and SBFI 
experiments, see pictures following pages), but their low sensitivity to hypoxic insults is 
also translated into slow intracellular changes. Therefore, bleaching and leakage of the 
probe are practical problems that interfere with intracellular fluorescence recordings, 
especially when modern confocal techniques which employ powerful lasers, are used. 
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Loading of freshly-isolated rabbit proximal tubules with fluorescent ion indicators. Tubules were loaded with 
the calcium indicator fura-2 (figures A and B; loading 30 min 10 μΜ 37'C), rhodamine 123, which 
corresponds to the mitochondrial membrane potential (figure С; loading 5 min 1 μΜ rT), and the sodium 
indicator SBFI (figure D; loading 45 min 15 μΜ 37°C). Pictures were made by Dr. R. Errington using 
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Measurements of intracellular sodium using the fluorescent indicator SBF1. Freshly-isolated rabbit próxima 
tubules were loaded with the sodium indicator SBFI (45 min 15 μΜ 37'С) and attached to a cover slip, 
which had been coated with Celltak. The cover slip was placed in an adjusted Leiden chamber, in which 
controlled perfusion and gassing took place (see also Peters 1996), and mounted on the stags of a Nikon 
Diaphot inverted microscope, which was connected via a CCD camera to the MagiCal system. Tubules 
were excited alternately with 340 nm and 380 nm, and the emitted light was filtered through a 490 nm filter 
and captured by the camera. The left panels (A, C, E) show ratio signals (340nm/380nm), representing 
intracellular sodium concentrations. The right panels (B, D, F) show the individual 340 nm (solid trace) and 
380 nm (dotted trace) signals. Figures A and В show a calibration experiment using sodiumfree (a) NMG-
containing buffer or buffer containing 5 mM (b), 10 mM (c)or50mM (d) sodium. Figure С and D show 
intracellular sodium levels after treatment with ouabain ( ), return to ouabain-free buffer (f) and the 
subsequent calibration with sodiumfree buffer (g). Finally, figures E and F show that intracellular sodium 
increases during hypoxic superfusion of the tubules (h) and is reversible upon г охуд паЪоп (i). 
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General discussion 
A very exiting use for rabbit proximal tubules could be the study of cold-preservation 
related cell injury, as described in CHAPTER 8. Apparently, a ROS-mediated form of injury 
was induced during cold preservation of rabbit tubules, which was similar to that observed 
with cultured endothelial cells and hepatocytes (Rauen 1997, Rauen in press). Cell injury 
and lipid peroxidation could be prevented by the addition of iron-chelators and ROS 
scavengers. We think that the period of cold preservation causes a redistribution of 
intracellular iron, which leads to radical formation during cold incubation, but also primes 
the cells for extensive reperfusion injury. This exciting field of research is open for studies 
related to further identification of the radicals involved, measurements of cellular iron 
distribution, studies of the rewarming phase (where apoptosis might be induced: Rauen, 
personal communbation), and extrapolation of these data into whole kidney and in vivo 
transplantation situations. Furthermore, there is evidence that intracellular calcium could 
be an important factor in the induction of reperfusion injury (Shapiro 19Θ5). The use of 
felodipine, its enantiomeres and the non-calcium blocking analogues could shed some 
light on the specificity of this involvement. If calcium is implicated indeed, the role of 
calpain should be further looked at. 
4. Cell culturing 
One possible way to avoid problems with collagenase interference after isolation of single 
cells or segments is the culturing of cells. In this case, cells are allowed to recover after 
the disturbing use of digestive enzymes, in a medium which is fully supplemented with 
growth factors, essential amino acids and serum. However, it is generally accepted that 
cultured cells dedifferentiate and loose the characteristics of the original mother cell type. 
Therefore, a cell culture has to be controlled for the presence of the appropriate 
characteristics. In the case of renal ischemia, this requirement can not be met. Native 
mature proximal tubules are highly active and depend on oxidative phosphorylation for the 
generation of ATP. However, after entering into culture, the brush border region shrinks by 
a reduction in apical micro-villi (Boogaard 1990), which results in a lower transport area 
and hence in lower energy need (Kreisberg 1988). Also, cultured PT gain glycolytic activity 
and loose the enzymes for gluconeogenesis (Tang 1989), leading to a lower dependence 
on oxygen for energy supply. These adaptations cause an enormous drop in the 
sensitivity to oxygen-deprivation, which makes cultured cells unsuitable for hypoxic 
experiments. It has been tried to prevent the conversion of cultured cells to glycolytic 
behavior by modulating the amount of glucose in the culture medium (Tang 1989, Courjault 
1995, Palier 1991, Nowak 1996), by preventing hypoxia during the process of culturing 
(Tang 1989, Dickman 1989, Nowak 1995, Monteil 1993, Nowak 1996), by using non­
confluent monolayers (Palier 1991), or by other means (Courjault 1995, Nowak 1995, 
Nowak 1996). However, despite some ameliorations (Dickman 1989, Courtjault 1995, 
Monteil 1993, Nowak 1995, Nowak 1996), these manipulations could not entirely prevent 
the cellular conversion to glycolytic metabolism (Tang 19Θ9, Courjault 1995, Nowak 1995, 
Monteil 1993, Nowak 1996). 
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Still, some reports describe hypoxic, anoxic or hypoxia/reoxygenation induced cellular 
alterations or cell injury in cultured PT cells (Palier 1991, Wilson 19Θ6, Schwertschlag 
1986). However, we were unable to reproduce these results. Primary cultures of rabbit PT 
were incubated under substrate-free anoxic conditions (using Oxyrase, an oxygen-
consuming enzyme system [Joseph 1990]) for 60 min, but no enhanced cell mortality was 
observed (Rose 1993). Injury did occur after prolonged incubation with Oxyrase, as 
assessed with either Trypan-blue staining or measurements of LDH-release ( unpublished 
results). Differences may be related to the culturing conditions, but increased cell injury 
may also very well be due to the use of non-confluent monolayers (Palier 1991) or the 
combination of anoxia and reoxygenation (Palier 1991, Schwertschlag 19Θ6, Wilson 
1986). 
5. General conclusions 
We think that isolated rat proximal tubules are not as suitable for studies on renal ischemia 
as previously thought. It is not sure whether the isolation procedure itself primes rat 
tubules for injury (perfusion of the kidney, collagenase), or that hypoxia alone is 
responsible for the observed alterations during hypoxic incubation. We prefer the rabbit as 
donor for proximal tubules, because perfusion is not necessary, and more importantly, 
because the amount of digestive enzymes can be reduced and digestion time shortened. 
Furthermore, we feel that bulk measurements in suspensions should be minimized, since 
much more information can be obtained from single cell or single segment measurements, 
where multiple parameters can be correlated. Only such experiments will allow the 
establishment of causal relationships between e.g. free calcium, P0 2 , cell viability, 
protease activity and glycine protection. Technical developments may allow single cell 
detection of radicals, ion measurements on the subcellular level using targeted probes 
etc. In combination with an improved superfusion chamber in which the exact P0 2 can be 
controlled and manipulated, these are very powerful tools to further unravel the cellular 
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Acute tubular necrosis caused by renal ischemia is the most common cause of hospital-
acquired acute renal failure. Due to the important physiological functions of the kidneys 
(e.g. salt-, water-, acid-base equilibrium), acute renal failure significantly contributes to 
increased mortality rates among hospital patients. 
The process of renal ischemia has been studied for decades in in vivo experiments, 
employing hypoperfusion (hemorrhage) or occlusion (clamping, norepinephrine) models. 
Although in vivo models most closely resemble the clinical situation, the complexity of the 
intact kidney, combining very different cell types such as vascular endothelial cells, 
smooth muscle cells, tubular epithelial cells, mesangial cells, blood cells and innervating 
neurons, and experimental limitations preclude detailed investigations regarding the 
cellular mechanisms of ischemic injury. Therefore, in vitro models have been developed. 
For the study of the mechanisms of renal proximal tubular epithelial cell injury, many 
investigators use freshly isolated proximal tubules or cultured tubular epithelial cells, 
which are subjected to hypoxia ("low oxygen") in order to mimic an ischemic insult. Studies 
using these model systems have helped to elucidate several biochemical pathways that 
are likely to be involved in hypoxic cell injury. Furthermore, many agents have been 
identified that protect isolated tubular epithelial cells against hypoxic injury. One of the 
most potent protective agents is the amino acid glycine, but its protective mechanism 
remains unknown. 
An interesting potential candidate involved in the initiation of renal ischemic injury is 
calcium. Calcium is indeed very likely to cause cell injury if not properly regulated: 
increases in cytosolic free calcium can activate potentially injurious enzymes 
(phospholipases, proteases, endonucleases) and disturb cellular functioning. 
Theoretically, increases in calcium may occur during hypoxia (and subsequent ATP-
depletion) in view of the extremely steep concentration gradient (extracellular calcium 
concentration Ю.ОООх higher than intracellular), and the energy-dependence of the 
calcium extrusion mechanisms. However, experimental data supporting a pivotal role for 
calcium in the induction of ischemic cell injury are not consistent. Although some evidence 
has been presented suggesting that an increase in calcium preceded cell injury, other 
reports have described stable calcium levels throughout experimental periods of oxygen-
deprivation. 
Several of the studies described in this thesis have, therefore, addressed the question 
whether and when cytosolic calcium increases during oxygen deprivation, and what the 
consequences of such an increase could be. Furthermore, several mechanisms by which 
glycine could exert its profound protective effect have been investigated. 
CHAPTER 1 (general introduction) briefly describes the clinical problems of acute renal 
failure, and discusses the cellular alterations that have been observed in isolated proximal 
tubules after oxygen deprivation. It also presents the outline of this thesis. 
In previous studies it was demonstrated that the phenylalkylamine calcium channel 
blocker verapamil attenuates hypoxic cell injury. These data suggested that calcium influx 
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during hypoxia is important for subsequent cell injury. However, the concentration of 
verapamil used in that study was very high, suggesting a non-specific protective effect. 
We have further studied the protective effects of calcium channel blockers. CHAPTER 2 
describes the results obtained with the dihydropyridine type calcium channel blocker 
felodipine. We found that this blocker also protected isolated rat proximal tubules against 
hypoxia-induced cell death. However, further studies indicated that the mechanism by 
which protection was obtained, was independent of a blockade of calcium influx. First, the 
concentration at which protection was observed far exceeded that required for binding to 
L-type calcium channels. Secondly, both the non-calcium blocking felodipine enantiomere 
and a non-calcium blocking felodipine derivative (H186/86) were protective. Finally, 
protection by felodipine was independent from the presence of extracellular calcium. 
Additional experiments suggested that an interaction of felodipine with potassium 
channels could be involved in its protective effect. 
Next we have studied changes in cytosolic calcium during ischemia (CHAPTER 3). To this 
end, tubules were loaded with the fluorescent calcium indicator fura-2. Individual proximal 
tubules were mounted in a superfusion chamber and monitored using video-enhanced 
fluorescence microscopy. When tubules were superfused with hypoxic buffer 
(PO2 ~ 5.5 - 6.5 mm Hg), cytosolic calcium remained constant. However, when the tubules 
were made anoxic (no oxygen), an increase in calcium was observed. Further studies 
revealed that increases in cytosolic calcium always coincided with a collapse of the 
mitochondrial membrane potential. Thus, these data demonstrate that the level of oxygen 
deprivation is critical in determining changes in cytosolic calcium and that mitochondria 
are able to buffer excessive calcium if their membrane potential is intact. Importantly, both 
hypoxia and anoxia led to increased cell death, indicating that an increase in cytosolic 
calcium is not a necessary prerequisite for the development of ischemic cell injury. 
If hypoxia leads to ATP-depletion, calcium extrusion will be impaired. In our anoxic 
experiments (CHAPTER 3), the increase in cytosolic calcium was prevented by the 
incubation of the tubules in low-calcium medium, showing that the increase originated from 
an influx of extracellular calcium. In addition, other investigators reported an increased 
calcium influx during hypoxia. Therefore, we have measured calcium influx in individual 
proximal tubules using a novel method, called the Mn2+-quenching method (CHAPTER 4), 
which has not been used before in our model system. Mn2+ enters the cell through the 
same pathways as calcium does, binds to the calcium indicator f ura-2, and quenches fura-
2 fluorescence. This Mn2+-induced quenching of the fura-2 fluorescence can, therefore, 
be taken as a measure for calcium influx. We were able to measure a basal influx during 
normoxia, which could be inhibited by classical calcium influx blockers. Importantly, 
during hypoxia calcium influx was decreased rather than increased (as reported by 
others). An inhibition of the cellular calcium influx could be a cellular protective answer to 
impaired calcium extrusion. 
Cytosolic calcium did not increase in hypoxic superfused proximal tubules, but in flasks 
containing suspensions of tubules, the oxygen tension will be lower due to the oxygen 
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consumption of the cells. Then, intracellular free calcium may increase and activate 
calcium-dependent processes. There is indeed some evidence that calcium-dependent 
activation of phospholipases occurs during hypoxia, but hardly any data are published 
concerning the activation of proteases during hypoxia. We have measured the activity of 
the four major classes of proteases (cysteine-, aspartate-, metallo- and serine-proteases) 
and the activity of the calcium-dependent cysteine protease calpain using two different 
methods (CHAPTER 5). First, activity was assessed in situ, substrates that are specific for 
a given class of proteases and that contain a fluorescent group were added during 
normoxic or hypoxic incubation of proximal tubules. The amount of released fluorescence 
is a measure for the proteolytic activity of the assessed class of proteases. The other 
method {in vitro) involved the isolation of digitonin-releasable cytosolic fractions after a 
normoxic or hypoxic period. The isolated fractions were assayed using the same specific, 
fluorescent substrates. Activities of serine-, aspartate-, and the calcium-dependent 
cysteine protease calpain were increased in hypoxic tubules in suspension, but only 
calpain activity was attenuated by glycine. Cytosolic fractions showed increased 
proteolytic activity of all measured classes of proteases and glycine prevented all 
increases. Calpain activity was not inhibited directly by glycine. We were unable to detect 
changes in calpain activity before the onset of cell injury. Therefore, it is likely that calpain 
activation during hypoxia is a mere postlethal event, due to either abundant calcium influx 
or loss of cytosolic proteins, such as the natural calpain-inhibitor calpastatine. 
Our experiments with felodipine already showed that protection offered by this agent, was 
not related to its calcium blocking property. In view of its lipophilicity and accumulation in 
the lipid bilayer, felodipine could very well stabilize the lipid bilayer and hence confer 
protection. Actually, many other agents that have been reported to confer protection to 
proximal tubules against hypoxia may possess such ability. The study described in 
CHAPTER 6 shows that, indeed, the ability of most agents to protect against injury may 
relate to non-specific membrane-stabilizing effects. Actually, only glycine, strychnine and 
a few other drugs that may affect chloride-influx were not membrane-stabilizing at all. 
In CHAPTER 7 we demonstrate that tubules derived from rabbits are less susceptible to 
hypoxic injury than tubules from rat. Furthermore, tubules from young rabbits were less 
sensitive than tubules from older rabbits. These differences correlated with differences in 
basal potassium and ATP levels. However, it is not clear whether these differences reflect 
in vivo properties, since the isolation protocols had to be adapted for each model. Next, 
we have studied the role of cell swelling in hypoxic cell injury. To this end, tubular 
diameters of rabbit proximal tubules were measured after incubation at normoxic or 
hypoxic conditions. Hypoxia increased the diameter of rabbit tubules, and the addition of 
glycine prevented this increase. However, the swelling could be attributed to a hypoxia-
induced increase in dead, swollen cells. All undamaged tubules had comparable 
diameters, whether they were subjected to normoxia or to hypoxia. Thus, cell swelling 
seems the result rather than the cause of renal tubular epithelial cell injury. Furthermore, 
the protective effect of glycine is presumably not related to an effect on cell swelling. 
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The relative insusceptibility of the proximal tubules from young rabbits makes them very 
suitable for long-term studies. We used those tubules to investigate cold preservation-
induced (as used in renal transplantation) injury, as discussed in CHAPTER 8. In contrast to 
general believings, the period of cold preservation per se induced lipid peroxidation and 
cell death. Injury was iron-dependent, oxygen-dependent, nitric oxide-independent, 
unaffected by glycine, and occurred in all preservation solutions used, even in the 
University of Wisconsin solution, which is currently employed in transplantation. 
Finally, CHAPTER 9 encompasses a general discussion on the studies described in 
CHAPTERS 2 to 8. Furthermore, it outlines the limitations of the present studies and 




De meest voorkomende oorzaak van acute nierinsufficientie is acute tubulusnecrose, dat 
meestal een gevolg is van hypoperfusie (verminderde doorbloeding, leidt tot ischemie) van 
de nieren. Het optreden van acute nierinsufficientie draagt in belangrijke mate bij aan een 
toegenomen morbiditeit en mortaliteit, omdat de nier zeer belangrijke fysiologische 
functies heeft (zoals de zout-, water- en zuur/basehuishouding). 
Ischemie van de nieren wordt reeds tientallen jaren bestudeerd via in vivo experimenten, 
waarbij hypoperfusie wordt nagebootst door verbloeding of door het afklemmen van 
bloedvaten. Deze in vivo modellen benaderen verreweg het meest de klinische situatie, 
maar er zijn enkele nadelen aan verbonden. Ten eerste is de nier opgebouwd uit veel 
verschillende soorten cellen, zoals vasculaire endotheelcellen, gladde spiercellen, 
tubulaire epitheelcellen, mesangiale cellen, bloedcellen en innerverende neuronen. 
Daarnaast zijn de experimentele mogelijkheden die in vivo modellen bieden erg beperkt. 
Tesamen zorgt dit ervoor, dat gedetailleerd onderzoek naar de cellulaire mechanismen 
van ischemische nierschade met dergelijke modellen niet mogelijk is. Om deze redenen 
heeft men in vitro modellen ontwikkeld, zoals vers geïsoleerde proximale tubuli of 
gekweekte tubuluscellen. Dergelijke geïsoleerde cellen worden tijdens experimenten 
hypoxisch ("weinig zuurstof) gemaakt, zodat de in vivo ischemische situatie na wordt 
gebootst. Studies met geïsoleerde proximale tubuli en gekweekte tubuluscellen hebben 
reeds meerdere biochemische routes die waarschijnlijk betrokken zijn bij hypoxische 
celschade, blootgelegd. Bovendien heeft men op deze wijze stoffen gevonden die de 
geïsoleerde nierepitheelcellen beschermen tegen de schade die hypoxie veroorzaakt. 
Eén van de meest krachtige beschermende stoffen is het aminozuur glycine. Het is echter 
nog onbekend via welk mechanisme glycine bescherming biedt. 
Een interessante kandidaat die ischemische nierschade kan veroorzaken, is calcium. Als 
het intracellulaire calciumgehalte niet goed wordt gereguleerd, kan dit ion inderdaad de cel 
schaden: een te hoog calciumniveau activeert potentieel gevaarlijke enzymen, zoals 
fosfolipasen, proteasen en endonucleasen, en verstoort het functioneren van de cel. Het 
is theoretisch zeer wel mogelijk dat het intracellulaire calciumniveau tijdens hypoxie stijgt 
door gebrek aan ATP (de brandstof van de cel), dat nodig is om calciumionen de cel uit te 
pompen tegen een zeer sterke gradient in; de calciumconcentratie buiten de cel is 
namelijk tienduizend maal hoger dan die binnen de cel. Echter slechts enkele 
wetenschappelijke artikelen ondersteunen het belang van calcium in het ontstaan van 
ischemische celschade. Er zijn wel artikelen verschenen waarin men beschrijft dat het 
-intracellulaire calciumniveau in de cel stijgt vóórdat er sprake is van celschade, maar de 
beschreven resultaten waren nooit eenduidig. Bovendien hebben andere onderzoekers 
beschreven dat het calciumniveau gedurende de hele experimentele hypoxische periode 
stabiel blijft. 
In dit proefschrift is daarom aandacht besteed aan de vraag of het intracellulaire 
calciumgehalte nu werkelijk stijgt tijdens zuurstofgebrek in niercellen, en waar een 
eventuele calciumstijging door wordt bepaald. Bovendien hebben we gekeken naar de 
mogelijke gevolgen van een calciumstijging voor nierepitheelcellen. Ten slotte hebben we 
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пк і mechanismen waardoor glycine zou kunnen beschermen nader onder de loep 
genomen. Als modelsysteem zijn vers-geïsoleerde proximale tubuli van de rat gebruikt. 
HOOFDSTUK 1 (de algemene inleiding) beschrijft de klinische problemen die samenhangen 
met acuut nierfalen, en bespreekt de cellulaire veranderingen die in geïsoleerde proximale 
tubuli zijn waargenomen na een periode van zuurstofgebrek. Bovendien staat hier de 
opzet van het proefschrift beschreven. 
Men heeft in een eerdere studie aangetoond dat de calciumkanaalblokkeerder verapamil 
(die behoort tot de klasse van de fenylalkylamines) de schade die hypoxie aanricht, kan 
verminderen. Dit wees er op dat een calciuminstroom tijdens hypoxie een rol zou kunnen 
spelen in het veroorzaken van celschade. De concentratie verapamil die men voor deze 
studie moest gebruiken, was echter zeer hoog en ver boven de fysiologisch relevante 
waarde, hetgeen erop wees dat verapamil op een niet-specifieke manier zou kunnen 
beschermen. We hebben de beschermende effecten van calciumkanaalblokkeerders 
verder bestudeerd met behulp van felodipine, een blokkeerder uit de dihydropyridine-
familie (HOOFDSTUK 2). We vonden dat deze blokkeerder net als verapamil de 
nierepitheelcellen beschermt tegen de schade die veroorzaakt wordt door blootstelling 
aan een hypoxische periode. Nadere experimenten lieten echter zien dat het 
beschermende effect van felodipine onafhankelijk is van een blokkade van de 
calciuminstroom. Ten eerste was namelijk ook in onze experimenten een zeer hoge, 
niet-fysiologische concentratie van het middel nodig (veel hoger dan de concentratie 
waarbij binding aan de betreffende calciumkanalen plaatsvindt). Ten tweede boden zowel 
een felodipine-enantiomeer als een felodipinederivaat bescherming, hoewel beide stoffen 
geen effect hebben op de calciuminstroom. Ten slotte bleek felodipine zowel in de aan- als 
afwezigheid van extracellulair calcium te beschermen. Aanvullende experimenten wezen 
er op dat een interactie van felodipine met kaliumkanalen betrokken zou kunnen zijn bij de 
bescherming. 
Vervolgens hebben we de veranderingen in cytosolair calcium die tijdens ischemie 
optreden, bestudeerd (HOOFDSTUK 3). Hiertoe zijn geïsoleerde proximale tubuli opgeladen 
met de fluorescerende calciumindicator fura-2. Deze tubuli zijn vervolgens in een 
superfusiekamertje geplaatst en bekeken met een fluorescentiemicroscoop dat aan een 
videosysteem was gekoppeld. Wanneer de tubuli met hypoxische buffer werden 
overspoeld (zuurstofspanning - 5,5 tot 6,5 mm Hg), bleef het intracellulaire calciumniveau 
constant. Wanneer de omgeving van de tubuli echter volledig anoxisch ("geen zuurstof") 
werd gemaakt, dan zagen we dat het intracellulaire calciumniveau steeg. De hierop 
volgende metingen lieten zien dat een calciumstijging altijd gepaard ging met het verlies 
van de mitochondriale membraanpotentiaal. Hieruit blijkt dus dat de resthoeveelheid 
beschikbare zuurstof erg belangrijk is voor het calciumniveau in de cel en dat 
mitochondrion met een intacte membraanpotentiaal waarschijnlijk overmatig calcium 
kunnen bufferen. Een belangrijk bevinding was dat zowel hypoxie als anoxie tot een 
verhoogde sterfte van de tubuli leidden. Dit maakt duidelijk dat een stijging van het 
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intracellulaire calciumniveau niet noodzakelijk is voor het optreden van ischemische 
celschade. 
Hypoxie leidt tot ATP-gebrek en daardoor tot een remming van de calciumuitstoot (die 
energie kost). De experimenten van HOOFDSTUK 3 lieten tevens zien dat de stijging van het 
cellulaire calciumniveau tijdens anoxie verhinderd kon worden door de experimenten in 
medium met maar zeer weinig calcium uit te voeren. Het calcium dat de stijging 
veroorzaakt, is dus afkomstig van de extracellulaire ruimte en stroomt tijdens de 
anoxische periode naar binnen. Bovendien hebben andere onderzoekers reeds 
gepubliceerd dat hypoxia een verhoogde calciuminstroom tot gevolg heeft. De methode 
die deze wetenschappers hebben gebruikt (opname van radioactief-gelabeld calcium), 
kent echter een aantal nadelen. Metingen van de calciuminflux met een andere methode 
zijn daarom wenselijk. De resultaten van zulke studies zijn van belang voor de 
theorievorming omtrent de calciumhuishouding tijdens zuurstofgebrek in epitheelcellen. 
Daarom hebben wij de calciuminstroom in individuele proximale tubuli gemeten met een 
nieuwe methode, die de nadelen van de eerdergenoemde calciumopnamestudies niet kent 
(HOOFDSTUK 4). Deze zogeheten "mangaan-quenching methode" is nog niet eerder in ons 
modelsysteem toegepast. Het mangaanion kan via dezelfde wegen de cel binnendringen 
als het calciumion, het bindt daar aan de calciumindicator fura-2 en dooft (quencht) de 
fura-2-fluorescentie. Dit mangaan-geïnduceerde uitdoven van de fura-2-fluorescentie kan 
daarom als maat voor de calciuminstroom worden genomen. We hebben met behulp van 
deze methode een basale calciuminstroom waar kunnen nemen, die geremd kon worden 
met klassieke calciuminstroomremmers. De meest belangrijke waarneming van dit 
onderzoek was dat de calciuminstroom tijdens hypoxie niet toenam, maar juist afnam. Wij 
denken dat de cel tijdens hypoxie (wanneer de mogelijkheden om calcium de cel uit te 
pompen zijn afgenomen) een soort beschermende maatregelen zal nemen om het 
intracellulaire calciumniveau stabiel te houden, en zodoende de calciuminstroom zoveel 
mogelijk zal proberen te remmen. 
Het cytosolaire calciumniveau bleek niet te stijgen in proximale tubuli waar een 
hypoxische buffer over werd geleid (HOOFDSTUK 3), maar dit kan geheel anders zijn in het 
andere modelsysteem dat we hebben gebruikt: kolfjes gevuld met een suspensie van 
proximale tubuli. Doordat in deze situatie de tubuluscellen de kans krijgen om het zuurstof 
uit de omringende vloeistof te consumeren, daalt het zuurstofniveau in de kolfjes tijdens 
het experiment. We zagen al eerder dat het intracellulaire calciumniveau afhankelijk is van 
de exacte zuurstofspanning: bij een dalende zuurstofspanning kan het calcium in de cel 
dus toenemen. Hierdoor kunnen allerlei processen in de cel die gevoelig zijn voor het 
intracellulaire calciumniveau worden geactiveerd. Er zijn inderdaad aanwijzingen dat 
calciumafhankelijke fosfolipasen tijdens hypoxie worden geactiveerd. We hebben echter 
nauwelijks publicaties kunnen vinden waarin de proteolytische activiteit van niercellen 
tijdens hypoxie wordt bestudeerd, hoewel proteasen wel degelijk schade kunnen 
veroorzaken. We hebben daarom de vier hoofdtypen proteasen (de cysteine-, aspartaat-, 
metallo- en serineproteasen) bestudeerd in hypoxische tubuli, en hebben daarnaast 
gekeken naar de activiteit van een calciumafhankelijk protease dat tot de klasse van de 
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cysteïneproteasen behoort: het calpaïne (HOOFDSTUK 5). Daarvoor zijn twee verschillende 
methoden gebruikt, een in situ en een in vitro methode. De activiteit van een bepaalde 
klasse van proteasen is in beide gevallen gemeten door het aanbieden van substraten in 
het incubatiemedium. Deze substraten bevatten een fluorescerende groep die specifiek 
door de betreffende klasse van proteasen wordt afgesplitst. De hoeveelheid in het medium 
vrijgekomen fluorescentie is daarom een maat voor de activiteit van de betreffende 
protease-klasse. De substraten zijn voor de in situ assay aangeboden tijdens de 
normoxische of hypoxische incubatie van de proximale tubuli. Voor de in vitro assay zijn 
pas na de normoxische of hypoxische incubatie van de tubuli cytosolaire fracties (die een 
deel van de inhoud van de cel, het cytosol, bevatten) geïsoleerd door de tubuli te 
incuberen met het zeepachtige digitonine. Deze cytosolaire fracties zijn vervolgens 
geïncubeerd met de specifieke, fluorescerende substraten. De activiteit van zowel 
calpaïne als van de serine- en aspartaatproteasen waren verhoogd in hypoxische 
tubulussuspensies. Alleen de verhoging van de calpaïneactiviteit werd voorkomen door 
de aanwezigheid van glycine tijdens de hypoxische incubatie. Cytosolaire fracties van 
hypoxische tubuli lieten een verhoogde activiteit van alle gemeten proteasenklassen zien, 
en de aanwezigheid van glycine tijdens hypoxie voorkwam alle stijgingen. De 
calpaïneactiviteit werd niet op een directe wijze door glycine geremd. We hebben alleen 
verhoogde calpaïneactiviteiten kunnen meten wanneer er al celdood was opgetreden. 
Daarom is het waarschijnlijk dat de calpaïneactiviteit pas postletaal verhoogd wordt, door 
bijvoorbeeld een forse, niet-specifieke calciuminstroom of door lek van allerlei cytosolaire 
eiwitten, zoals de van nature aanwezige calpaïneremmer calpestatine. 
De experimenten waarin felodipine werd gebruikt (HOOFDSTUK 2), toonden reeds aan dat de 
bescherming die felodipine biedt niet gerelateerd is aan diens calciumkanaalblokkerende 
eigenschappen. Gezien de lipofiliciteit van felodipine en het feit dat het in de lipidenbilaag 
kan accumuleren, zou de beschermende werking van felodipine wel eens gerelateerd 
kunnen zijn aan een algemene stabilisatie van de plasmamembraan. Hetzelfde kan gelden 
voor vele andere stoffen waarvan men een beschermend effect op hypoxische tubuli heeft 
beschreven. Dit hebben we bestudeerd door rode bloedcellen te laten zwellen totdat ze 
bijna allemaal kapot gaan. Het vermogen van stoffen om het kapot gaan van de 
bloedcellen tegen te gaan, hebben we beschouwd als een maat voor de algemene 
membraanstabiliserende eigenschap van die stof. De resultaten die in HOOFDSTUK 6 
beschreven worden, bevestigen het bovengenoemde idee: de meeste middelen die getest 
zijn (waaronder de calciumkanaalblokkeerders) verhinderden inderdaad het kapotgaan 
van de bloedcellen in een hypotoon medium. Alleen glycine, strychnine en enkele andere 
middelen die waarschijnlijk allemaal de instroom van chloorionen remmen, hadden 
nauwelijks een membraanstabiliserende werking. 
De gegevens die gepresenteerd worden in HOOFDSTUK 7 laten zien dat proximale tubuli die 
worden geïsoleerd uit konijneniertjes minder gevoelig zijn voor hypoxie dan de tubuli van 
ratteniertjes. Bovendien waren de tubuli van jonge konijntjes minder gevoelig dan de tubuli 
van oudere konijnen. Deze verschillen waren gecorreleerd aan het basale kalium- en 
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ATP-gehalte van de tubuli. Het is echter niet duidelijk geworden of de gevonden 
verschillen een afspiegeling vormen van de in vivo situatie, aangezien de 
isolatieprocedure voor ieder model moest worden aangepast. Vervolgens hebben we de rol 
van celzwelling in het ontstaan van hypoxische celschade bestudeerd. Hiervoor hebben 
we de diameter van konijnetubuli na normoxische en hypoxische incubatie opgemeten. 
Hypoxie bleek de gemiddelde tubulusdiameter te vergroten en de toevoeging van glycine 
tijdens de hypoxische periode kon dit voorkomen. De toename van de gemiddelde 
diameter na hypoxic kon echter worden toegeschreven aan het grote aantal dode, 
gezwollen cellen. Alle onbeschadigde tubuli hadden namelijk een vergelijkbare diameter, 
of ze nu bloot waren gesteld aan normoxie of aan hypoxie. Celzwelling lijkt dus meer het 
gevolg dan de oorzaak van celschade aan het nierepitheel te zijn. Bovendien lijkt het 
beschermende effect van glycine niets van doen te hebben met een effect op het 
celvolume. 
De relatieve ongevoeligheid van de proximale tubuli van jonge konijnen maakt deze tubuli 
zeer geschikt om schadeprocessen op langere termijn te bestuderen. We hebben daarom 
tubuli van jonge konijnen gebruikt om de schade die optreedt bij het bewaren van levende 
niercellen bij lage temperatuur te bestuderen (HOOFDSTUK 8). Zo wordt gepoogd het 
bewaren (preserveren) van donornieren voor transplantatie na te bootsen. In tegenstelling 
tot hetgeen algemeen gedacht wordt, leidde het bewaren van tubuli bij 4'C tot 
lipidperoxidatie en celdood. De schade bleek veroorzaakt te worden door 
zuurstofradicalen en afhankelijk te zijn van ijzer en zuurstof, maar onafhankelijk van 
stikstofoxide. De aanwezigheid van glycine had geen invloed op het schadeverloop. 
Bovendien trad er in alle geteste preserveringsvloeistoffen celdood op, ook in de 
University of Wisconsin preserveringsvloeistof, die momenteel standaard in ziekenhuizen 
wordt gebruikt voor transplantaties. 
In HOOFDSTUK 9 ten slotte worden de verschillende onderdelen van het onderzoek 





Het werk is gedaan, het boekje ¡s gebaard. Maar hoewel alleen mijn naam op de voorkaft 
van dit "pronkstuk" prijkt, is het beschreven werk vanzelfsprekend het resultaat van de 
inzet van velen. Ten eerste de mensen die ook op de artikelen staan vermeld: mijn 
promotor Prof CH van Os, mijn copromotoren Dr JFM Wetzels en Dr RJM Bindels, mijn 
analytische steun en toeverlaat Ing MJH Tijsen, en Ing MD de Jong. 
Carel, ondanks je drukke bezigheden als decaan en lid van, volgens mij, vele commissies, 
vond je steeds weer tijd om (regelmatig) bij de werkbesprekingen aanwezig te zijn. Ik kon 
en mocht je altijd aanschieten voor problemen van uiteenlopende aard en ik had steeds 
het gevoel dat jij achter mij en m'n onderzoek stond. Ook had jij denk ik nog het meest van 
iedereen in de gaten hoe complex het ischemiegebeuren is... Bedankt! 
Jack, jij neemt in het rijtje een hele speciale plaats in. Mijn onderzoek was vooral het 
vervolg op jouw ongelofelijk productieve Denver-periode. Je hebt een akelig goed 
geheugen voor artikelen, methoden, resultaten (voor zover ik me dat kan herinneren), je 
hebt visie en veel gevoel voor..., name it & you've got it! We hebben zelfs nog overwogen 
om een fanclub voor je op te richten. Het was af en toe best moeilijk om uit jouw schaduw 
te kruipen, maar de keerzijde was een betrokken, "alwetende", fijne begeleider. Jack, 
bedankt! 
René, jij maakt het drietal begeleiders perfect af. Jij was de expert op het gebied van de 
imagingmetingen en probes, en bij jou kon ik voor "Magical Problems" steeds terecht. Ook 
kan ik het aantal keer dat je me uit de brand hebt geholpen met de Mac (incluis software en 
zelfgemaakte macro's) niet meer op 1 hand tellen. Als jij wat zegt of belooft, dan doe je 
dat, en nog snel ook: dat is echt heel plezierig om te ervaren. Bedankt. 
De volgende in het rijtje is zonder twijfel Rianne. Rianne, jij weet zelf wel hoe groot jouw 
bijdrage is geweest aan het resultaat dat nu voor je neus ligt. En voor diegenen die het niet 
weten: VEEL! We hebben erg veel samen gedaan, niet alleen isolaties en metingen, maar 
ook mopperen, lachen (vooral om ...), heel erg langs elkaar heen praten, en nu gaan we 
ook een beetje samen promoveren: fijn dat je mijn paranimf wilt zijn! En dat we nog lang 
samen avonturen mogen beleven, knight of the old coat! 
Maarten, ik zet jou hier ook speciaal bij, omdat je vooral in de laatste maanden van mijn 
project erg veel werk hebt verzet, dat gelukkig geresulteerd heeft in een inmiddels 
geaccepteerd verhaal. Contact houden we zeker dankzij onze bijzondere Fiets band! 
De overige collega's van celfysiologie wil ik ook graag enorm bedanken: Sabine ("we zijn 
geweldig!", en zoals al is gebleken: jij helemaal!), Marcel, Anita, Johan, Peter, Gertraud, 
Rachel (very special thanks for the pictures!), Remon, Lizette, Ruben, Erik-Jan, Joost, 
Anne-Miete, mama Hanneke en Jürgen. Hoewel tegen het einde van mijn promotietijd de 
druk en de stress voor iedereen alleen maar leek toe te nemen, hebben velen van jullie 
altijd (even) tijd gehad om te kletsen, te brainstormen of gewoon lekker te zeuren. Jullie 
ook allemaal veel succes gewenst! Thirza, bedankt voor je inzet met de vele collagenase-
experimenten, en veel succes met je verdere keuzes. 
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Dan is er een hele grote groep mensen die ik niet allemaal bij naam kan noemen, maar 
zonder wie dit boekje een stuk dunner zou zijn: de dierverzorgers van het dierenlab, de 
technische dienst (Paul!), de afdelingen farmacologie, fysiologie (met name Jos Evers 
voor de zuurstofmetingen), heelkunde (met name Ben de Man), het ATP-lab van 
kindergeneeskunde, Perry en Arie voor het trouble-shooten bij HPLC metingen. 
Also, I would like to thank Dr Kribben for his valuable discussions on hypoxic injury in 
general, and on imaging items more specifically. Bettina, very special thanks for your 
hospitality in Essen on several occasions! Frau Dr Rauen and Prof de Groot: our 
cooperation resulted in a nice article, and I am very gratefull for your time and hospitality. 
Dr Rauen, you have invested quite some time in our follow-up project; your comments and 
discussions were very helpf ull. Thank you. 
En dan kom ik nu eigenlijk tot de meest belangrijke personen, niet alleen voor de afgelopen 
vier jaar, maar gedurende het hele traject dat naar deze promotie heeft geleid. Papa en 
mama: lang vond ik de belangstelling en steun van ouders voor het schoolgebeuren van 
hun kinderen de gewoonste zaak van de wereld. Ik ben me echter steeds meer gaan 
realiseren dat ik toch wel erg veel mazzel heb gehad: hoewel jullie interesse nogal eens tot 
heftige botsingen heeft geleid, zijn we overal beter uitgekomen, en het heeft onze band 
denk ik alleen maar sterker gemaakt. Zie het boekje dat nu voor je neus ligt maar als 
resultaat van dit alles: dat hebben we samen toch maar mooi voor elkaar gekregen! 
Bedankt, lieve papa en mama. Trouwens, papa, stelling nr 6 is speciaal voor jou! Ook 
Joost, Carla, Sascha en Sophietje wil ik hier noemen, niet alleen voor hun interesse (al dan 
niet wetenschappelijk...), maar vooral omdat ik het onderzoek soms net wat beter kon 
relativeren als ik jullie samen zag. 
Jan, ik ga dit stukje niet aan je laten lezen, want dan vind je het toch allemaal maar onzin 
en vind je jouw houding en acceptatie "toch zeker normaal" . Maar echt, je bent de 
allerliefste man op de hele aardbol! Andersom zou ik denk ik nooit zoveel geduld hebben 
kunnen opbrengen wanneer "het weer eens wat later zou kunnen worden...'. We hebben 
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Stellingen behorende bij het proefschrift 
Cellular Mechanisms of Ischemic Renal Tubular Epithelial 
Injury 
1. Hoewel zuurstofdepletie bij lichaamstemperatuur duidelijk nadelige gevolgen heeft 
voor cellen, biedt hypoxie bescherming tijdens het koud preserveren van geïsoleerde 
proximale tubuli. 
2. Hoewel de beschermende werking van diverse farmaca tegen hypoxie-geïnduceerde 
celdood heeft geleid tot hypothesen over het ontstaan van ischemische nierschade, 
lijken conclusies hieromtrent niet gerechtvaardigd gezien de aspecifieke werking van 
vele farmaca bij hoge concentraties. 
3. Het is waarschijnlijk reëeler om te spreken over "de mechanismen van ischemische 
nierschade" dan over "het mechanisme van ischemische nierschade". 
4. De methode die wordt gebruikt om proteolytische activiteit in geïsoleerde cellen te 
meten, is sterk bepalend voor het uiteindelijke resultaat. 
5. Publiceren lijkt meer een op zichzelf staand doel te zijn geworden dan een middel om 
wetenschappelijke kennis over te brengen. 
6. Een AIO is in dienst van de universiteit en heeft geen Studentenstatus; de 
promotietijd is dan ook GEEN onderdeel van de studie. 
7. De maatregelen die de laatste jaren op het gebied van het AIO/OIO stelsel zijn 
genomen, werken een algemene onderkenning van bovenstaande stelling helaas niet in 
de hand. 
8. Wellicht kan één gevolg van het broeikaseffect, het stijgen van het mondiale 
waterpeil, gecompenseerd worden door de snelle bevolkingsgroei gezien het hoge 
watergehalte van het menselijk lichaam. 
9. Het bespelen van een contrabas reflecteert zeer zeker geen contra-basgevoel. 
10. Met name specialisten op het gebied van de nierfysiologie zouden moeten weten dat 
niet alleen strijkers zeikers zijn. 
11. Na het lezen van goede fantasy-literatuur blijft de lezer vaak met een gevoel van 
weemoed en verlies achter: het verlies van magie. 
12. Een feest mag vele redenen hebben. 
Susan Peters 



